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SYNOPSIS 
Existing methods of testing pile foundations have been 
reviewed and the benefits and disadvantages of the various 
forms of test were identified. It was found that vibration 
testing of piles was the most promising test method and the 
one which offered the greatest likelihood of worthwhile 
development. 
Experimental and theoretical studies were made of the 
dynamic characteristics of steel and concrete model piles 
both in air and embedded in dry sand to assess the effects 
of both embedment and the presence of a defect. A major 
improvement has been made regarding the computer resources 
required to determine the predicted response of a pile to 
vertical excitation from the resources required using 
existing techniques. 
Further, a method of analysis for locating and 
evaluating the type, length and extent of neck/bulb defects 
within embedded piles was developed. The results of 
experimental tests on piles with such defects were used to 
examine the validity of the theory. It was found that the 
technique performed well on model steel piles with neck 
defects but that large bulb defects in concrete piles 
embedded in dry sand could not be identified although 
the 
presence of a defect was indicated. Similarly, the 
characteristics of defects in piles where more than one 
defect was present could not be determined, although the 
presence of the faults was indicated by changes in the axial 
resonant frequencies of the pile. A study was also made of 
model piles with substantial crack defects. It was found 
that an existing dynamic model which represents crack damage 
could be modified to apply to embedded model piles with such 
a defect. 
LIST OF TABLES 
TABLE TITLE 
1.1 Possible defects within piles 
2.1 Predicted dynamic characteristics of two freely 
suspended uniform bars 
2.2 Predicted axial resonant frequencies of model 
piles (linear-elastic soil model) 
2.3 Predicted values of receptance of model piles 
(linear-elastic soil model) 
2.4 Values of Yi 
2.5 Predicted dynamic characteristics of embedded 
uniform model piles using different values of 
Poisson's ratio and damping of soil 
2.6 Predicted and measured dynamic characteristics 
of Cl and S2 piles 
4.1 Material properties and physical dimensions of 
uniform model piles 
4.2 Material properties and dimensions of defective 
model piles 
4.3 Coefficients of linear expansion and thermal 
modulus of elasticity of pile materials 
4.4 Observed dynamic characteristics of uniform 
model piles in air 
4.5 Observed dynamic characteristics of uniform 
model piles in sand 
4.6 Observed dynamic characteristics of a concrete 
model pile before and after the attachment of a 
foam rubber core 
4.7 Observed dynamic characteristics of a steel 
model pile with smooth and rough surfaces 
4.8 Observed dynamic characteristics of defective 
model piles 
5.1 Predicted amplitudes of receptance at resonance 
in defective model piles 
5.2 Real and predicted defect characteristics 
within model piles 
Al. l Recommended values of soil quake and damping 
Al. 2 Summary of the characteristics of pile 
vibration response curves and their 
interpretation (after Davis and Dunn (1974)) 
LIST OF FIGURES 
FIGURE TITLE 
2.1 Sketch. of freely suspended uniform bar excited in axial vibration 
2.2 Predicted axial strain mode shapes (receptance 
analysis using visco-elastic material model) 
2.3 Predicted axial strain phase angles (receptance analysis using visco-elastic 
material model) 
2.4 Sketch of embedded pile foundation excited in 
axial vibration 
2.5 Finite element model : concrete/steel pile 
(embedded) 
2.6 Finite element model : concrete/steel pile 
(supported) 
2.7 Sketch of visco-elastic soil-pile model 
2.8 Displacement of soil excited by axial 
vibration of pile 
2.9 Mathematical models of bars with defects 
2.10-2.12 Variation of predicted dynamic characteristics 
of uniform concrete pile with dynamic shear 
modulus of soil 
2.13-2.15 Variation of predicted dynamic characteristics 
of uniform model piles with added mass of soil 
2.16-2.18 Variation in predicted dynamic characteristics 
of uniform steel pile with depth of embedment 
2.19-2.20 Predicted axial strain mode shapes of embedded 
model piles 
2.21-2.26 Predicted variation of the resonant 
frequencies (axial vibration) of bars with 
defects from the corresponding resonant 
frequencies of an undamaged bar 
2.27-2.32 Predicted variation of the amplitude of 
receptance at resonance of bars with defects 
at different positions along their length 
2.33-2.38 Predicted variation of the specific damping 
capacity of bars with defects at different 
positions along their length 
2.39 Model for dynamic analysis of a pile with a 
neck/bulb defect 
2.40 Model representing a bar with a transverse 
crack defect 
2.41 Model for dynamic analysis of a pile with a 
transverse crack defect 
3.1 Particle size distribution of sand used in 
experimental work 
3.2 Predicted variation of soil moduli with depth 
(after Hardin and Richart (1963)) 
3.3 Predicted variation with depth of dynamic 
value of Poisson's ratio for dry sand (after 
Hardin and Richart (1963)) 
4.1 Sketch of sections through model piles showing 
arrangement for attachment of transducers 
4.2 Profile of model piles with neck/bulb defects 
4.3 Sketch of air activated sand spreader 
4.4 Calibration curve of air flow to height of 
fall of sand from sand spreader 
4.5 Block diagram of instrumentation used in 
vibration experiments on model piles 
4.6 Sketch showing apparatus for the vibration 
testing of model piles 
4.7-4.11 Axial strain mode shapes of model piles 
(experimental analyses) 
4.12-4.16 Axial strain phase angles of model piles 
(experimental analyses) 
4.17-4.19 Variation in measured dynamic characteristics 
of uniform steel model pile with depth of 
embedment 
5.1-5.5 Defect location methods (freely suspended 
model piles with neck/bulb defects) 
5.6-5.9 Defect location methods (embedded model piles 
with neck/bulb defects) 
5.10 Crack location method (freely suspended model 
pile) 
5.11-5.12 Crack location method (embedded model piles) 
LIST OF FIGURES IN APPENDICES 
Al. l Block diagram of scintillation detection 
system (after Preiss and Newman (1964)) 
A1.2 Sketch showing typical relationship between 
gamma ray count-rate and material density 
A1.3 Gamma ray backscatter equipment for borehole 
use (after Preiss and Caiserman (1975)) 
A1.4 Schematic arrangement for the sonic coring 
test (after Levy (1970)) 
A1.5 Typical example of relationship between 
propagation velocity and compressive strength 
of concrete (after Levy (1970)) 
Al-6 Sketch showing precise location of faults by 
probes at different levels 
Al-7 Schematic diagram of single tube sonic (3D) 
logging apparatus 
Al-8 Data for wave velocity determination by 
phase-delayed continuous waves of varying 
frequency 
Al. 9 Theoretical relationship of longitudinal wave 
velocity and surface wave velocity to the 
modulus of elasticity (after Leslie and 
Chessman (1950)) 
Al. 10 Schematic diagram of pile testing apparatus 
(after Steinbach (1971)) 
A1.11 Electric potential in ground (after Meyer de 
Stadelhofen et al. (1976)) 
Al-12 Potential difference between electrodes 
produced by current flow alone (after Meyer de 
Stadelhofen et al. (1976)) 
A1.13 Typical force -v- penetration curves obtained 
from CRP tests on (a) friction piles ; (b) 
end-bearing piles (after Whitaker (1963)) 
Al. l4 Slope criteria for determining "failure" load 
from load -v- settlement curves (after Fuller 
and Hoy (1970) ) 
A1.15 Ultimate load determination by CRP static load 
test (after Goble and Likens (1974)) 
A1.16 Interpretation of results of quick test method 
(after Fuller and Hoy (1970)) 
A1.17 Method of representing pile for predicting the 
ultimate load capacity using wave equation 
analysis (after Forehand and Reece (1963)) 
A1.18 Block diagram of detecting apparatus used in 
CASE methods (after Goble (1975)) 
Al. 19 Typical dynamic record used for CASE method 
computations (after Goble (1975)) 
A1.20 Correlation between static load test and (a) 
case time-delay method predicted capacity; (b) 
case damping method predicted capacity for all 
pile types (after Goble and Likens (1974) 
Al. 21 Block diagram of vibration testing equipment 
(after Davis and Dunn (1974)) 
A1.22 Vibration response for a cylindrical pile 
(after Davis and Dunn (1974)) 
NOMENCLATURE 
A= cross-sectional area of pile or bar; 
A. 
1= cross-sectional area of the 
ith. section of pile or 
bar; 
A* = cross-sectional area of the core of soil around the 
pile; 
E= dynamic Young's modulus of the bar or pile 
material; 
ES = dynamic Young's modulus of dry sand; 
E' = 
F0= amplitude of applied force; 
G= dynamic shear modulus of the bar or pile material; 
GS = dynamic shear modulus of dry sand; 
G* = dynamic shear modulus of soil adjacent to the pile; 
G" = dynamic shear modulus of soil immediately below 
pile tip; 
IE = input energy; 
K1 = stiffness of ith. section of pile; 
K= spring stiffness representing the severity of a 
crack defect; 
K0(a*} = modified Bessel function of the second kind of 
order zero and complex argument a*; 
K (a*) = modified Kessel function of the second kind of 1 
order one and complex argument a*; 
K0= the coefficient of earth pressure at rest; 
L= length of pile, or bar; 
L. = length of the ith. section of pile; 
mass of vibrating system; 
OE = output energy; 
S" = direct receptance of soil immediately below pile 
tip; 
SDC = specific damping capacity; 
energy stored in one cycle of vibration; 
Swl 
- factors derived by Novak et al. (1978b); 
Sw2 
a= rw/v* ; 
c* = factor dependent on material damping and Poisson's 
ratio of soil; 
d= pile diameter; 
e= voids ratio of sand; 
fn = axial resonant frequency in nth. mode of vibration; 
f' = increment of frequency of excitation; 
g= acceleration due to gravity (9.81 ms-2); 
1 
i= (-1) 2; 
k' = direct end receptance at top of pile; 
k* = factor dependent on material damping and Poisson's 
ratio of sand; 
n= mode number; 
r= radius of bar or pile; 
r" = radius of the base of the pile; 
vC = velocity of longitudinal waves in soil; 
vs = velocity of shear waves in soil; 
v* = velocity of shear waves in the soil adjacent to 
pile; 
v" = velocity of shear waves in soil beneath the pile 
tip; 
w(z, t) = vertical (axial) displacement of pile at time 
t and 
point z; 
z= point on length of bar or pile, or depth below 
ground level; 
Aij = amplitude of dynamic axial displacement at the 
boundary between pile elements i and j; 
AE = small change in dynamic Young's modulus; 
AK = contribution to stiffness of soil-pile system from 
soil; 
AM = contribution to mass of soil-pile system from soil; 
AW= energy dissipated within pile material in one cycle p of vibration; 
V? = energy dissipated with the soil in one cycle of S vibration; 
0f = small change in nth. axial resonant frequency; n 
AU = small change in temperature; 
a rs 
receptances of dynamic systems A, B, C, D, E respectively, 
rs 
- Yrs where receptance is defined as dynamic displacement at 
point r divided by dynamic force acting at point s; 
rs 
E rs 
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CHAPTER 1 INTRODUCTION TO PILES AND PILE TESTING 
1.1 The use of pile foundations 
The use of a pile foundation may be prompted by one or 
more of several considerations, which can be classified into 
four general groups: 
i) to transfer a structural load from the structure 
through weak subsurface layers to a stratum of rock 
or soil capable of safely supporting the load; 
ii) to reduce the amount of settlement or movement 
that would take place under load if the foundation 
were shallower; 
iii) to reduce the natural frequency and amplitude of 
vibration of the soil-foundation-structure system in 
situations where dangerous structural resonance is 
possible, such as structures containing heavy 
reciprocating or rotating machinery or subjected to 
earthquake loading; 
iv) as an economical alternative to other forms of 
foundation. 
Communications and the availability of access for heavy 
transport frequently dictate the siting of large industrial 
complexes in areas close to the tidal regions of large 
rivers, where, almost invariably, the strata 
immediately 
below the surface have very poor engineering qualities, and 
pile construction is the only feasible foundation 
in such 
situations. Large structural loads are sometimes supported 
- 1.1 - 
by a single large diameter pile which, in recent years, has 
been employed as an alternative to the construction of a 
group of smaller piles. The advantage of this method of 
construction is that site control on one large pile of 
sufficiently large diameter for visual inspection is 
considerably easier than for a large number of small piles 
where no inspection can be made. However, large diameter 
bored piles lack the intrinsic safety factor of load 
transfer from a defective pile to the surrounding piles, 
which is always present within a pile group. 
The transfer of a load from a pile to the surrounding 
strata is achieved by two processes: by means of forces 
along and over the vertical surfaces of the pile, and from 
forces produced by end-bearing on the strata beneath the 
base of the pile. It has been reported by Whitaker and 
Cooke (1961) that, as load is gradually applied to a pile, 
the resistance from side friction is the first to be fully 
mobilised, the full end-bearing capacity being achieved only 
after considerable vertical movement has occurred. 
Foundation design can begin after a decision has been 
made as to which type of pile is most suitable for the 
in-situ ground conditions. If no bedrock or stiff stratum 
of soil is present within a reasonable distance of the soil 
surface the foundation must be considered as 
"floating", 
that is, the load is carried for the most part by side 
friction with only a small if not negligible contribution 
from end-bearing. The proximity of a stiff soil stratum or 
- 1.2 - 
bedrock to the soil surface may prompt the design of 
end-bearing piles where the pile base is formed on or in the 
stiff layer, and the major contribution to load capacity is 
derived from the base of the pile. 
Interaction between soil and pile occurs as the load is 
applied to the pile, the latter undergoing elastic 
shortening and developing resistance to the load from the 
friction produced on the pile-soil interface. Increasing 
vertical load causes the soil to slip at the top of the pile 
and shear failure progresses down the pile as more load is 
added. If no movement of the pile tip occurred, the 
implication would be that the entire applied load was being 
supported by side friction alone or, if progressive failure 
was present, that the failure zone did not extend down to 
the pile tip. Movement does occur at the tip of a working 
pile with the result that a proportion of the load will be 
taken by end-bearing. 
Variations of the distribution of resistance along the 
length of loaded piles of different diameters and materials 
may be attributed to the different values of pile stiffness. 
Stiff piles tend to have a more uniform distribution than 
those with a lower stiffness value due to the reduced 
relative axial movement throughout the stiffer pile. 
Many different types of pile are commercially 
available, some of which are very similar. 
A review of the 
various types of pile available 
in the UK was presented by 
- 1.3 - 
Weltman and Little (1977). However, there are three basic 
types of pile construction: bored cast in-situ concrete 
piles; driven cast in-situ concrete piles; and driven 
prefabricated piles. In some instances, the efficiency of 
pile driving may be increased by exciting the pile with a 
mechanical vibrator as it is driven into the ground. 
Factors which influence the choice of a particular type 
of pile construction are: 
i) the location and type of structure which the 
foundation is to support; 
ii) the ground conditions; 
iii) the durability of the pile; 
iv) the overall cost. 
A discussion of these factors was presented by 
Tomlinson (1980), who also reviewed the structural design 
and methods of pile construction currently used in 
foundation engineering practice. 
Before a study is undertaken of constructional defects 
within piles and a means by which faulty piles may be 
detected and evaluated, it would be useful to have an 
understanding of the mechanics of pile construction. 
1.2 Cast in-situ concrete piles 
The procedure for constructing this type of pile 
appears simple and straightforward but without good site 
- 1.4 - 
control cast in-situ piles are more prone to defects than 
any other form of piled foundation. A. cylindrical hole of 
diameter up to 3m and depth of up to 80 m is drilled into 
the sub-soil. Under-reams (enlarged sections of pile) are 
sometimes formed at points along the pile shaft within stiff 
soil strata to enhance the load bearing capacity of the 
pile. 
In suitably dry soil conditions bored cast in-situ 
concrete piles are formed by placing wet concrete within the 
bored hole to form a continuous shaft. The concrete is 
allowed to harden before any loads are applied to the top of 
the pile. 
Driven cast-in-situ concrete piles (typified by the 
Franki Pile and used extensively in Europe and Canada) are 
formed by placing a steel tube with a small charge of dry 
lean concrete (i. e. concrete with a low water: cement ratio) 
on the surface of the ground. An internal drop hammer 
strikes the concrete which forms a dense plug that 
penetrates the ground and drags the tube down with it. When 
the tube is at the required depth, it is attached to 
restraining cables (which prevent vertical movement of 
the 
tube) and the hammer is applied to the concrete, 
forcing it 
down and outwards. The pile shaft is formed 
by adding 
successive quantities of concrete and ramming each 
in turn 
while at the same time gradually withdrawing 
the casing. 
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One of the many problems that can arise is the collapse 
of the soil from the side of the drilled hole during the 
placement of concrete. The resulting defect is usually 
either a reduction in the effective cross-sectional area of 
the pile or a soil inclusion within the concrete. To 
prevent this problem occurring, which is most likely to 
happen when drilling through soft clays and sands, the hole 
may be lined with a steel tube. The best results are 
achieved if the tube is left in position after concreting 
but, for economic reasons, the tube is usually retrieved as 
concreting continues at such a rate that the end of the tube 
is kept a few metres below the rising level of the concrete. 
A major disadvantage of retrieving the steel lining is that 
if concrete of low workability is used the concrete may be 
lifted with the tube, which may cause a local discontinuity 
or a complete break within the pile. 
Permanent steel casings also avoid the danger of 
washout of cement and fines from the wet concrete by 
cross-flow of groundwater. 
Reinforcement in the form of steel cages may be 
necessary depending upon the design requirements of the 
pile. If required, the steel must be securely fixed. 
in 
position prior to the start of casting the concrete. 
The wet concrete may be placed by free-fall from a pipe 
through which it is pumped and allowed to drop into the 
hole, or by a tremie pipe through which the concrete is 
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pumped to a level below that of the rising concrete, 
resulting in a uninterrupted flow of concrete throughout the 
length of the pile. The bottom of the tremie pipe is raised 
at such a rate that the end of the pipe is kept at a depth 
of about one metre below the level of the rising concrete. 
The use of free-fall methods is limited to dry excavations 
as segregation occurs if wet concrete is dropped into water. 
As an alternative to steel casing, the side of the hole 
may be stabilised by the use of bentonite clay which 
prevents the inflow of ground water and limits the collapse 
of unstable soils. This is achieved partly by the presence 
of bentonite with regained strength in the matrix of the 
soil, partly by the thixotropic strength regain of the 
bentonite column and partly by the formation of a 
"filtercake" on the soil surface. 
Compaction of the concrete when in position is another 
problem confronting the contractor. The workability of the 
concrete can be increased by adjustment of the design mix so 
that the concrete is easily placed and readily compacted. 
In general, high workability is gained at the cost of 
decreased compressive strength, so the optimum mix must have 
acceptable levels of both workability and strength. 
1.3 Driven piles (impact only) 
Pile driving must surely have been the earliest form of 
pile construction. The city of Venice, 
for example, is 
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supported by many thousands of timber piles which have 
withstood hundreds of years of being submerged and are only 
endangered now due to increased waterway traffic and higher 
levels of dissolved oxygen in the water. Timber was the 
first material to be used for piling as it was readily 
obtainable in sizes and lengths required by the early 
builders, and is still being used in the more remote parts 
of the United States. The disadvantages of timber are that 
the grain of the wood gives the material anisotropic 
qualities and that wood is destroyed by rotting in the 
presence of water and air, and by the action of termites. 
Modern driven piles are made of steel or precast concrete, 
both of which have inherent advantages over timber of 
homogeneity and uniform strength. 
The earliest forms of pile driver were very primitive 
and inefficient. Chellis (1951) presented illustrations of 
some of these devices. Steam or diesel powered hammers are 
more likely to be used on modern sites than the drop hammer 
which has largely disappeared in recent years. 
In general, piles are driven to refusal or until the 
penetration per blow reaches a limiting value. The limiting 
value is usually determined by applying one of the many pile 
driving formulae which purport to estimate the bearing 
capacity of the pile under static loads. 
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1.4 Driven piles (impact and vibration) 
An alternative method of driven pile construction 
involves the axial vibration of the pile while being struck 
by a pile driver. Bernhard (1968) reported the results of 
laboratory tests carried out on model piles and indicated 
the frequencies of excitation that produced maximum driving 
efficiency for steel, concrete, and timber piles. Field 
observations showed that the optimum frequency of excitation 
was consistently higher than the predicted values. Improved 
results were presented by Kovacs and Michitti (1970) who 
assumed that a soil mass equal to one-third of that of the 
pile was taking part in the vibration, and that the effect 
of the vibrator attachment could be modelled by an increase 
in the effective length of the pile and the use of an 
empirical constant in the analysis. 
Satter (1976) assumed that the vibrator and the soil 
could be adequately represented by discrete masses at 
opposite ends of the pile. The soil resistance along the 
sides of the pile was assumed to be elastic over the 
embedded length of the pile, although this was negligible 
compared to the pile stiffness. Damping resistance was 
assumed to be present both at the tip and along 
the embedded 
portion of the pile. Satter gave a limited number of 
results of tests carried out on steel pipe piles, 
the 
analytical results of which were 
based on the Wave Equation 
and showed the same level of agreement 
to observed undamped 
natural frequencies as those obtained 
by previous 
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researchers using empirical constants. It is suggested that 
efficient resonant pile driving is achieved by the 
adjustment of the frequency of the exciting force to 
maintain resonance and by retaining a small value for the 
pile damping factor, ensuring efficient transfer of power to 
the pile and only small losses to damping. Satter concluded 
that as pile embedment increased, the displacement mode 
shape changed so that the nodal point moved towards the 
larger of the discrete masses and that higher amplitudes of 
motion of the tip than those at the driving end occurred 
when the mass of the vibrator was less than one-third that 
of the pile. 
A preliminary comparison of the vertical load bearing 
capacities of smooth piles driven by impact with and without 
the aid of a vibrator in dry sand presented by Everitt and 
Packshaw (1973) revealed that the capacity of both types of 
pile increased almost linearly with depth of embedment. 
Files placed with the aid of a vibrator had a greater 
bearing capacity than impact driven piles at the same depth 
of embedment except for piles with large length: diameter 
ratios where the ultimate load may have been dependent upon 
the weight of the hammer. 
1.5 Pile defects and existing methods of pile testing 
The importance of care and diligence during pile 
construction cannot be overemphasised if the completed 
structure is to fulfil its function satisfactorily. 
Faults 
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may occur during the process of construction, the type of 
fault most likely to occur being dependent on the type of 
pile and mode of construction. A summary of possible faults 
that may occur in certain types of pile construction 
together with the probable cause is given in Table 1.1. A 
more detailed review of the problems experienced with cast 
in-situ concrete piles was presented by Thorburn and 
Thorburn (1977) who also made a. number of recommendations 
aimed at reducing the probability of the occurrence of a 
fault. 
It is important to realise that the presence of a 
defect within a pile does not immediately imply that the 
pile performance will be significantly affected. Once a 
fault has been diagnosed the interpretation of the fault in 
terms of deterioration of pile behaviour is left to the 
experience and judgement of the engineer, unless the results 
of tests performed on the pile can provide the relevant 
information. 
Previous research has resulted in several different 
types of test being devised. to test pile capacity and 
integrity and which can be divided into three groups: 
i) tests to give information about the pile material 
quality only - coring, percussion drilling, methods 
using radio-active materials, ultrasonic tests, 
stress wave propogation, prestressing methods; 
ii) tests to give information about the load bearing 
capacity only - static load tests, wave equation 
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analysis, Case methods; 
iii) tests to give an indication of both the quality 
of the pile material and the behaviour of the pile 
under working load - method of resonant longitudinal 
vibration, shock method. 
Careful consideration of the various methods of testing 
piles is necessary before a choice can be made of a suitable 
technique for research and development. Detailed 
descriptions of tests currently used to inspect piles are 
presented in Appendix 1. 
1.6 Methods of testing piles 
1.6.1 Material tests 
The main disadvantage of the coring, percussion drilling 
and associated tests is that a fault is detected only if it 
lies within the borehole or in close proximity to it. A 
further drawback to these methods of testing is that the 
final decision over whether or not to use a defective pile, 
knowing only the extent of the fault but not its nature, is 
left to the judgement and experience of the engineer. It is 
possible that a pile with an apparently large defect such as 
honeycombing over a large area of concrete may be rejected 
even though the effect of the damage on pile behaviour could 
be negligible. 
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Radiometric techniques are an improvement on other 
types of borehole test, with the exception of ultrasonic 
testing, as radiation scans regions of material outside the 
periphery of the borehole. Modern gamma-radiometric tests 
on concrete piles reveal information about an area 
approximately ten times greater than that covered by the 
borehole itself. The presence of less dense material or a 
void has the effect of increasing the radiation count-rate. 
A greatly increased count-rate indicates the presence of 
foreign matter but further identification is not possible 
using this technique. The density of the inclusion may be 
estimated by comparison with previously determined 
calibration data. Ambiguity may arise as a given value of 
count-rate has two values of corresponding density except at 
the density where the count-rate is maximum. 
The passage of pulses of high frequency pressure waves 
is the best available material test. Little commercial 
development of the technique occurred in Britain before 1968 
but it is now possible to obtain complete packages of 
ultrasonic testing equipment designed for a specific use 
such as the testing of piles. 
The choice of frequency to be used in an ultrasonic 
test is arrived at through a compromise. Signal 
transmission is better at low frequencies although 
higher 
frequencies provide better resolution of small defects. 
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Reduced wave velocities in concrete may be experienced 
immediately after construction when localised shrinkage 
cracks may be formed or after a considerable time in the 
life of the structure due to the deterioration of concrete 
over a substantial area. 
Ultrasonics have been successfully used in the field of 
rock investigation for a number of years and development of 
rock testing techniques is more advanced than the testing of 
piles. Ultrasonic measurements taken on rock samples allow a 
Rock Quality Designation value to be assigned to a rock as 
described by Deere et al. (1966). A description for the 
procedure for testing rocks is presented by New (1976). In 
situ rocks are subject to compressional stress produced by 
the overburden which has the effect of closing small cracks. 
It is possible that the same effect could occur at depths 
within a concrete pile. New (1976) investigated the manner 
in which compressional stress influenced wave velocity in 
the direction of applied stress within fissured rocks using 
a pulse repetition rate of 10 Hz and a signal frequency of 
54 kHz. It was discovered that the wave velocity within 
intact rock increased at a rate of about 5% per MN/m2 of 
applied stress up to the maximum uniaxial compressive stress 
of 1.7 MN/m 
2. Tests on a rock sample with an open 
discontinuity, i. e. having a definite physical separation, 
showed a very high attenuation of signal to the extent that 
it was not detected by the instrumentation. Filling the 
crack with water had no effect and the signal remained 
undetected. Further tests on rocks having closed 
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discontinuities, i. e. having no interstitial space, revealed 
that relatively low in-situ stresses closed discontinuities 
to the extent that acoustic transmission was possible. The 
same effect was observed by Cratchley et al. (1972) 
reporting on geophysical measurements taken on the Foyers 
Hydro-electric Scheme where no correlation was found between 
wave velocity and fracture spacing. Tests performed on a 
tunnel through chalk showed that the wave velocity increased 
with increasing overburden but became constant when the 
overburden stress became 0.4 MN/m2. Corresponding results 
were obtained from tests performed on rock samples in the 
laboratory. 
The above results suggest that the micro-cracks that 
are always present within hardened concrete may affect the 
apparent wave velocity for measurements taken at depths 
above 17 m, which is the depth at which a vertical stress of 
0.4 MN/m2 is exerted due to the overburden of concrete. The 
stress threshold for acoustically closing discontinuities 
may not be the same as that found for the rock samples 
tested by New, but its value may be determined using similar 
tests to those described in the text. 
A high degree of attenuation is experienced by high 
frequency ultrasonic waves passing through 
fine grained or 
loose soils which can lead to increased 
difficulty in 
measuring velocities by conventional methods. 
Pulse methods 
of testing suffer from changes of pulse 
shape which may be 
less of a problem with phase-delay methods. 
Highly 
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attenuating media may not allow resonance methods which rely 
on multiple reflections to be used effectively. Phase-delay 
methods require the detection of only the first reflected 
wave and are more likely to be useful in highly attenuating 
situations. 
Stress wave propagation techniques, as demonstrated by 
Steinbach (1971,1975), do not necessitate the provision of 
a tube or borehole within the pile, but only that the head 
of the pile is circular. The dubious assumption is made 
that the concrete is of uniform density and quality and that 
the concrete at the top of the pile is representative of the 
rest of the pile. It is not possible to detect localised 
areas of honey-combed or poorly compacted concrete. The 
interpretation of the test results gives no indication of 
the nature of any faults that may be present or of the 
behaviour of the pile under load. On being struck, large 
diameter piles (greater than about 1.6 m) tend to produce 
surface waves which obscure the reflected longitudinal 
waves, although this can sometimes be overcome by the use of 
a filter to attenuate signal amplitude 
in direct proportion 
to frequency. Difficulty can be experienced in 
differentiating between a reflected wave from the base of a 
pile or a second reflection from a discontinuity within 
the 
pile. 
Interpretation of measurements taken during electrical 
resistance tests could. be misleading unless a 
full knowledge 
of the manner in which ground conditions 
influence the 
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electrical conductivity of the soil. Different levels of 
water table, saturation above the phreatic surface and the 
presence within the ground-water of dissolved organic and 
inorganic salts, may affect the passage of electric current. 
As the measured electrical characteristics are small, care 
should be taken to ensure that the leakage of current from 
the instrumentation and connecting cables is kept to a 
minimum. 
1.6.2 Tests to predict pile behaviour under load 
Considerable work has been done to define the failure 
load of a pile but the point at which failure is considered 
to have taken place is, in many cases, left to the arbitrary 
decision of the engineer. The least ambiguous method of 
static load pile test is the Constant Rate of Penetration 
(CRP) test devised by Whitaker (1963) which produces results 
from which ultimate loads can be identified, but which fails 
to provide any information about the relationship between 
applied load and settlement. The CRP test has an advantage 
over maintained load tests as the ultimate load is more 
readily defined in the CRP test. However, the CRP test is 
not suitable for very large diameter piles as the hydraulic 
jacks capable of exerting the very large forces required to 
test these piles are not available and so it is necessary to 
resort to a maintained load test. 
Both forms of static load test described above can be 
applied to both prefabricated and cast 
in-situ piles. 
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However, considerable research has been directed towards the 
prediction of the ultimate bearing capacity of driven piles 
using information obtained from their driving records. 
Agershou (1962) stated without further reference that 
the first recorded attempt to predict the ultimate load 
capacity of a pile from its driving behaviour was made by 
Sanders (c. 1820) but, as all energy losses were neglected 
in the calculations, any results would be rather dubious. 
The next attempt at predicting bearing capacity was by 
Eytelwein (c. 1850) who made the false assumption that the 
coefficient of elastic restitution between the hammer and 
the pile was zero. Many more formulae have been produced 
although few have provided satisfactorily consistent results 
and many have been found to differ greatly from the measured 
capacity of load-tested piles. An adequate summary of 
various pile driving formulae is given in an appendix to the 
work by Chellis (1951). At the time Chellis published his 
work the two most important methods of assessing the bearing 
capacity of driven piles had not been devised, these being 
the Wave Equation and Case methods of analyses. The 
accuracy and promise shown by these methods warranted their 
inclusion in Appendix 1, which describes various methods of 
testing piles. The Wave Equation method is somewhat 
analogous to the finite element method used in structural 
analysis to determine the distribution of forces and 
deformations within a loaded structure. The Wave Equation 
method was initially devised by Smith (1960,1962), who 
considered the pile to be made of several elements 
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representing masses and springs. Damping from the soil is 
present along the embedded sides and at the end of the pile. 
A forcing function is applied at the top of the pile and the 
forces, displacements and velocities at points along the 
length of the pile at successive time intervals after the 
hammer blow are calculated by means of numerical 
integration, the repetitive process continuing until the tip 
of the pile is stationary. 
The Case methods as described by Goble et al. (1975) 
and Ferahian (1977) require a record of the energy in the 
pile during and immediately following a blow from the pile 
driver and uses measured values of force and velocity at the 
pile head in place of the calculated values used in Wave 
Equation analysis. 
1.6.3 Resonant vibration methods 
The resonant axial vibration testing technique using 
sinusoidal excitation as described by Davis and Dunn (1974) 
has several advantages over other forms of test: 
i) the test results give a limited indication of any 
major faults that may be present in any region of the 
pile cross-section; 
ii) the decision to test can be made at any time 
after construction, which permits individual pile 
testing to be initiated if doubt arises over 
workmanship or concrete quality; 
iii) the method can be used on non-circular piles 
- 1.19 - 
without the need for tubes or boreholes; 
iv) the dynamic stiffness of the pile can be 
determined from the results of axial vibration tests 
using frequencies of excitation up to 40 Hz. 
Davis and Robertson (1976) stated that vibration 
methods of testing piles cannot predict the ultimate bearing 
capacity, where the resistance to the ultimate load produces 
plastic deformations within the soil supporting the pile. 
However, it is possible to predict the order of magnitude of 
the pile settlement due to a static load, provided that the 
loading remains within the limits of linear load-settlement 
behaviour of the soil-pile system. Davis and Robertson 
presented a comparison of static stiffnesses and the 
corresponding dynamic values determined by vibration tests 
on fifteen separate piles. It was found that the dynamic 
stiffnesses were generally greater than the static values 
and that the ratio of dynamic stiffness : static stiffness 
was generally between 1.0: 1 and 1.8: 1. If these latter 
results are ignored, the ratio of dynamic stiffness : static 
stiffness varied between 0.86: 1 and 1.33: 1. It was 
suggested that a general philosophy should be adopted of 
load testing those piles whose dynamic stiffnesses were 
shown to be suspect from the results of the vibration test. 
These piles are indicated by a lower dynamic stiffness than 
the expected value, which is estimated using experience of a 
large number of vibration tests on similar piles. Further, 
a small number of piles with satisfactory dynamic stiffness 
values should be load tested to establish that the predicted 
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stiffness is within an acceptable limit of accuracy. 
The shock method of pile test described by Higgs and 
Robertson (1979) appears to produce similar results to the 
resonant vibration test with a further advantage that the 
test can be performed within a shorter period of time. 
1.7 Choice of pile test and developments in related fields 
There is not at present one method of testing pile 
foundations sufficiently developed to be able to confirm the 
structural integrity and capability of all piles in all soil 
conditions. The testing techniques described in Appendix 1 
are all subject to limitations. 
The ideal test to be performed on a pile should yield 
such information as the load bearing capacity in the 
vertical, horizontal and torsional senses, the quality of 
the material throughout the pile, the existence of any 
discontinuities, inclusions, necks, voids or honeycombed 
concrete and the presence of any major changes in the shape 
of the pile. It should also be possible for the test to be 
performed quickly by personnel with only a minimum of 
training and produce results which are unambiguous and 
easily interpreted. 
A resonant vibration method of testing was used by 
Adams et al. (1978) to locate transverse cracks in bars of 
different materials. The method required the experimental 
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determination of three axial resonant frequencies. A crack 
represents a localised reduction in stiffness of the bar and 
will influence its dynamic characteristics. The resonant 
frequencies of a bar with a crack are reduced from the 
corresponding resonant frequencies of a similar undamaged 
bar. The size of the frequency reduction is determined by: 
i) the depth of the crack; 
ii) the position of the crack with respect to the 
stress mode shape associated with a particular 
resonant frequency of the bar; 
iii) the orientation of the crack with respect to the 
direction of vibratory motion. 
In the analysis of the experimental data, the crack is 
assumed to be represented by a spring of infinitessimal 
length. The material properties of the bar are determined 
accurately from tests on undamaged bars of the same material 
and it is assumed that there are only two unknown 
quantities; the value of the spring constant and its 
position relative to one end of the bar. It was shown that 
a crack could be detected even when as little as 1.0% of the 
cross-sectional area of the bar had been removed. Two 
possible locations for the crack were determined if the bar 
was of uniform diameter or symmetrical about its mid-point. 
It was usually possible to locate a unique position for the 
crack if the bar was asymmetrical. 
Cawley and Adams (1979a, 1979b) presented a resonant 
vibration testing technique to locate localised damage 
in 
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two-dimensional plate structures. Experimental tests were 
performed on aluminium and carbon fibre reinforced plastic 
(CFRP) plates. The damage was in the form of holes, 
sawcuts, crushing, local heating, and impact damage. It was 
shown that damage could be located and evaluated if it was 
equivalent to the removal of as little as 0.2% of the area 
of the structure. This required very accurate determination 
of the resonant frequencies. The unique position of the 
damage could be determined only if the plate was 
asymmetrical about all possible axes of symmetry. 
The principal theme of this research into vibration 
methods of non-destructive testing of piles was chosen in 
view of the encouraging results of previous work using 
resonant vibration techniques to detect defects in bars and 
plates. The emphasis of the work is directed towards 
dynamic tests using steady state vibration. Although this 
type of test takes longer to perform than the shock method 
of testing, the vibratory motion is steady and any transient 
parameters or characteristics of the structural system are 
less likely to influence test results. It is necessary, 
however, to gain a thorough understanding of the factors 
influencing the vibration of an embedded pile without a 
defect before attempting to develop a technique to locate 
and evaluate the more common types of pile 
defects. 
A theoretical study of the axial vibration of bars in 
air and embedded piles is presented 
in Chapter 2, where the 
effects of both embedment and the presence of 
a structural 
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defect on the dynamic response of a pile are studied. 
The prediction of values of dynamic elastic moduli and 
Poisson's ratio of dry sand similar to that used in the 
experimental study and subjected to low confining pressures 
and low-amplitude vibration at high frequencies is discussed 
in Chapter 3. 
Chapter 4 describes the experimental study of the 
vibration tests on model piles both in air and in sand. The 
manufacture of the model piles, the formation of uniform 
beds of dry sand, the test apparatus and procedure are all 
described in Chapter 4. 
The procedures for applying the experimental results of 
vibration tests on defective model piles to the theories of 
defect location and evaluation are described in Chapter 5. 
The results and observations made in the experimental 
study are discussed in Chapter 6, where the predicted and 
experimental results are compared and contrasted. Chapter 7 
presents the conclusions of the study and gives 
recommendations regarding the practical application of the 
pile testing technique. 
1.8 Summary 
The purpose and use of pile foundations have been 
discussed together with the common forms of pile 
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construction. 
The most common forms of pile defects have been 
identified together with their likely causes. Cast in-situ 
concrete piles are the most vunerable to defects in 
construction, the most serious form of damage being that of 
a neck or reduction in the diameter of the pile shaft. 
Existing methods of pile testing have been examined, 
and their respective merits have been compared. No single 
test exists that can determine both the structural integrity 
and the load bearing capacity of a pile. At present, 
vibration testing of piles gives approximate indications of 
the presence of major defects and the stiffness of the 
foundation, but not the load bearing capacity. In view of 
recent developments in defect evaluation in related fields 
using resonant vibration techniques, the method of vibration 
testing of piles is adopted for further research in this 
study. The research is directed towards the development of 
techniques of locating and evaluating structural defects 
within pile foundations. 
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CHAPTER 2 THEORY 
2.1 Introduction 
It has been shown by previous researchers that the 
dynamic characteristics of a structure are influenced by the 
presence of a defect. Adams et al. (1978) showed that a 
transverse crack in a bar-type structure could be detected 
by observing the reduction. in axial resonant frequencies 
caused by the presence of the defect in three modes of axial 
vibration. It was found that the change in resonant 
frequency in a given mode of vibration increased at a rate 
proportional to the severity of the crack, given that more 
than about 40% of the cross-section of the bar was intact 
and that the crack was symmetrical about the axis of the 
bar. A crack at a given position on a bar produced changes 
in resonant frequencies which were directly related to both 
its position and to the mode of vibration. Hence it was 
possible to develop a "sensitivity" approach to the problem 
of locating the defect. 
The location of a defect in a plate structure using a 
resonant vibration technique was described by Cawley and 
Adams (1979a, 1979b). 
Defective cast in-situ concrete piles have been 
inspected using vibration techniques described by Davis and 
Dunn (1974) and Higgs and Robertson (1979). However, very 
little information is revealed by the vibration test results 
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about the exact location, size, and nature of any defect 
within an embedded pile. 
In view of the previous work by Adams and co-workers 
referred to above, it is reasonable to assume that it may be 
possible to detect, locate, and evaluate a defect within an 
embedded pile using a similar vibration technique. There 
are two major differences between evaluating defects in 
piles and locating cracks in bars in air. Firstly, the 
contributions to the vibration from the soil supporting the 
pile must be taken into account. Also, a crack is modelled 
as a spring and therefore there are two unknown quantities; 
its stiffness, and its position on the bar. The more common 
types of defect within cast in-situ concrete piles are necks 
(localised reductions in pile diameter) and bulbs (localised 
increases in pile diameter), both of which have three 
unknown quantities; the length of the defective pile 
section, its cross-sectional area, and its position on the 
pile shaft. 
There are two phenomena relating to the dynamic 
characteristics of embedded piles with defects of which 
little is known. The first is the effect of embedment on 
the dynamic behaviour of the pile when excited at resonance. 
The second is the effect of the defect. A crack in a 
bar-type structure invariably causes a reduction in the 
resonant frequencies from those of the uncracked structure. 
No information is available regarding the effect of either a 
neck defect or a bulb defect on the dynamic 
behaviour of an 
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embedded pile. 
Two recent studies have been presented describing the 
theoretical vertical vibration of K«hlemeyer (1979) 
presented a simplified model representing the pile as a 
rigid body vibrating in an elastic medium and in which 
insignificant variations of axial strain occurred within the 
vibrating pile. A more appropriate model of a soil-pile 
system was presented by Novak et al. (1977,1978a, 1978b). 
The resistance of the soil was derived from classical 
elasticity and was treated as a characteristic of the pile 
rather than an external resistance. The magnitude of the 
soil resistance along the vertical soil-pile interface was 
derived from the soil properties and the axial strains in 
the pile. The model was investigated for numerous types of 
piles in a variety of soil conditions, but the influence of 
its various components, and the predicted dynamic behaviour 
in modes of resonant axial vibration was not fully 
investigated. 
No general closed form solution for the vibration of 
piles is available, and the possibility of such a solution 
is thought to be unlikely owing to the flexibility required 
to model the many possible complex combinations of types of 
pile and soil. Nogami and Novak (1976) presented a limited 
closed form solution of the vertical vibration of an 
end-bearing pile, installed in an homogeneous and 
isotropic 
layer of soil overlying a rigid bedrock. 
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The finite element approach to the problem is a useful 
alternative method and is sufficiently versatile to allow 
for considerable variations of soil properties and pile 
geometry. The theoretical models which were analysed in 
this study used many of the assumptions of the finite 
element technique. Symmetry about the longitudinal axis of 
the pile was assumed for ease of computation. 
The theme of this chapter is directed towards the 
development of a technique that can be used to determine the 
position and extent of a defect in an embedded pile. This 
is achieved by a theoretical study of the dynamic behaviour 
and characteristics of bars in air and embedded model piles 
undergoing axial vibration at frequencies close to their 
first three axial resonant frequencies. The predicted 
effect of neck and bulb defects on the dynamic 
characteristics of bars in air is studied and any 
significant trends are identified. The theory is then 
developed to evaluate the size and position of defects in 
bars using the results of vibration tests. Finally, this 
theory is extended to include soil reactions on an embedded 
pile and hence produce a technique for evaluating the 
position and extent of a structural defect within an 
embedded pile. 
2.2 Dynamic analysis of a freely suspended uniform bar 
The aim of this analysis was to obtain a mathematical 
model to represent the resonant axial vibration of uniform 
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steel and concrete bars at frequencies and amplitudes 
similar to those experienced in the experimental tests 
described in Chapter 4. 
2.2.1 Classical theory 
Certain modes of axial vibration of an isotropic 
circular cylinder were studied by Love (1906) using 
equations derived from classical elasticity. The plane ends 
and curved surface of the cylinder were assumed to be free 
from traction (free-free) and that the displacement along 
the axis of the cylinder was related to the distance from 
one end of the cylinder and the instantaneous time. The 
axial resonant frequency, fn (Hz), of the nth. mode of 
vibration of a cylinder was given as approximately equal to 
f= (O. 5n/L)(E/p)2 [l-(O. 5vnarr/L)2] .... Eqn. 2.2.1 
n 
where E= Young's modulus of the cylinder material; 
p= density II II 
II 
I 
L= length of the cylinder; 
v= Poisson's ratio of the cylinder material; 
r= radius of the cylinder. 
Terms of higher order than r2 were neglected. Complex. 
expressions were presented for both the axial and radial 
displacements throughout the cylinder, which require the 
evaluation of the derivatives of Bessel 
functions. Even 
with the availability of modern computers 
this is still a 
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formidable task. 
Bishop (1952) presented modifications to the theory of 
I 
longitudinal vibration of bars as suggested by Love (1906). 
A comparison was also presented of estimated and exact 
vibration results. In particular, with reference to 
Pochhammer (1876) and Bancroft (1941), it was shown that the 
velocity of propagation of longitudinal waves in a bar of a 
given material decreases with increasing values of the ratio 
of bar diameter : wave-length. Hence the wave velocity is 
related to the geometry of the bar and the mode of axial 
vibration. The length : diameter ratio of prototype pile 
foundations is rarely less than 10: 1, and for defect 
evaluation the excitation is generally confined to the first 
three modes of resonant axial vibration. In the worst 
possible case of a concrete bar with a length : diameter 
ratio of 10: 1 vibrating in the third resonant axial mode, 
the wave velocity is about 98% of that of waves with a long 
wave-length. This is a relatively small change and for most 
engineering purposes it may be possible to ignore its 
effect. 
A simpler analysis was made by Bishop and Johnson 
(1960), who ignored the radial displacements occurring 
during the axial vibration of a perfectly elastic cylinder. 
The omission was regarded as a valid assumption provided the 
diameter of the cylinder was one tenth or less of its 
length. The following results were presented referring to 
the axial vibration of a uniform isotropic free-free bar: 
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i) fn=O. 5(n/L)(E/p)2 
where the symbols are as defined earlier; 
ii) azL =- cos (X z) / [EAA sin (X L) ] 
.... Eqn. 2.2.2 
.... Eqn. 2.2.3 
where azL = mechanical receptance defined as the dynamic axial 
displacement at a point z on the bar due to a 
dynamic force acting at z=L, divided by the 
amplitude of the applied force; 
A= area of the bar; 
:ý= w(P/E) 2 
w= frequency of vibration (rad/sec). 
The direct receptance of a vibrating system is defined 
as the dynamic displacement of the structure at a point 
divided by the amplitude of the applied dynamic force acting 
at that point. The cross receptance of a system is defined 
as above except that the point of measurement of dynamic 
displacement is not coincident with the point of application 
of the force. In general, the terms direct and cross 
receptance will be used to describe the receptance values of 
bar-type elements measured at the ends of the bar when 
subject to a dynamic axial force applied at one end. 
2.2.2 Modification to include material damping 
Both of the analyses described in Section 2.2.1 ignored 
the effect of material damping within the bar. The two most 
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common materials from which piles are made are concrete and 
steel. Hence the discussion of material damping in this 
study is confined to that exhibited by these two materials. 
The nature of damping in cementitious materials 
including concrete was discussed by Swamy (1970), who also 
reviewed the findings of previous researchers. It was found 
from all the available data that the damping in such 
materials is a complex combination of several types of 
damping. Different forms of damping are present in varying 
degrees at various stages in the life of a structural 
concrete member, thus the age of the concrete is important 
in determining which type of damping is most significant at 
any one time. The predominant damping mechanism in concrete 
more than seven days old is that of hysteretic damping. No 
evidence was presented to suggest that material damping in 
concrete is influenced by the amplitude of vibration. 
Considerable interest has been shown in the nature of 
the mechanisms of material damping in steels and other 
metals by previous researchers. A review of previous 
research was made by Adams (1972). In his own study, Adams 
excited uniform bars of numerous metals in the first mode of 
resonant axial vibration. The specific damping capacity 
(SDC) was determined by measurement of the rise in 
temperature at different points along the bars. SDC is a 
measure of material damping, and is defined as A p/W, where 
W is the maximum strain energy stored and AWp is the energy 
dissipated within the bar per cycle of vibration. It was 
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found that the material damping exhibited by the steel 
specimens was related to the amplitude of displacement and 
hence to the amplitude of cyclic stress within the bar. 
Adams reported that the major contribution to the material 
damping arose from the magneto--mechanical effect, i. e. the 
stress--induced movement of the domain boundaries within the 
micro-structure of the material. 
The results of vibration tests performed on uniform 
steel bars described in Chapter 4 indicated that the maximum 
amplitudes of displacement and cyclic stress present at 
resonance were approximately 0.004 mm and 2.6 MN/m2, 
respectively. These values were considerably lower than the 
corresponding minimum amplitudes studied by Adams, which 
were approximately 0.04 mm and 14 MN/m2, respectively. 
Therefore there is some doubt as to whether the findings of 
Adams are relevant to the low--. amplitude vibration tests on 
steel model piles, but their significance may be important 
in the vibration of prototype steel piles. Very little 
information is available concerning the nature of damping in 
steel at frequencies and amplitudes similar to those 
occurring in the vibration tests on model piles described 
in 
Section 4.5.2. It was suggested by Contractor and Thompson 
(1940) and Entwhistle (1962) that the material damping of 
steel is hysteretic in nature under these experimental 
conditions. 
A model first suggested by Nolle (1949) but similar to 
that used by Voigt (1892) was used in this study to 
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represent the material damping in both concrete and steel 
bars. It was assumed that the material damping of steel and 
concrete was independent of both amplitude and frequency 
during vibration at small amplitudes. This assumption is 
justified in view of the above discussion of the damping 
nature of the two materials. 
Material damping was included by a modification of the 
elastic constant, E. The material was assumed to be 
visco-elastic, i. e. the relationship between dynamic axial 
stress and strain can be expressed as 
= E' azz E zz .... 
Eqn. 2.2.4 
); where E' = E(l+i rl 
Qzz = stress on plane normal to axis of bar; 
EZZ = strain .... .... .... .., 
n=a damping constant, the value of which 
is 
independent of frequency; 
i=y -` 1. 
The analysis used by Bishop and Johnson to 
derive the 
mechanical receptance of a linear-elastic 
bar is equally 
valid for a bar with visco-elastic material 
properties. 
Hence the following results may be written: 
a 00 
= aIL -- cot (A'L)/(E'AX' 
) 
a oL 
aLO _- cosec (X'L)/(E'AX' 
) 
azL cos(X z)/[E'AX'sin(X'L)J 
.... Eqn. 2.2.5 
.... Eqn. 2.2.6 
... Eqn. 2.2.7 
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1 
W(P/E'7ý 
.... Eqn. 2.2.8 
Further, it may be deduced that the axial displacement, 
w(z), at a point distance z from the end of the bar, may be 
written as: 
w(z) =- Fcos(x'z)/[E'AA'sin(X'L)] 
where F= amplitude of the applied force. 
.... Eqn. 2.2.9 
The axial strain at z, (dw/dz), can be written 
dw/dz = FA'sin(X'z)/[E'AA'sin(X'L)] 
.... Eqn. 2.2.10 
2.2.3 Prediction of dynamic characteristics of freely 
suspended bars 
The effect of the value of material damping on the 
dynamic characteristics of uniform steel and concrete bars 
was examined. A sinusoidal force at a given frequency was 
applied at the centre of one end of the bar acting in its 
axial direction. The bars were assumed to be freely 
suspended and to possess uniform material and geometric 
properties throughout their lengths (see Fig. 2.1). The 
length and diameter of the bars were assumed to be 1.000 m 
and 44 mm, respectively. These dimensions correspond 
closely to those of some of the model piles used in the 
experimental work described in Section 4.2.1. The values of 
dynamic Young's moduli of the two materials were assumed to 
be 40 GN/m2 for concrete and 210 GN/m2 for steel. 
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Values of direct end receptance were computed at a 
large number of consecutive frequencies of excitation using 
Eqn. 2.2.5. The amplitude of the receptance and the value 
of its real and imaginary components were recorded at each 
frequency. The real component was regarded as being in 
phase with the applied force, and thus it was possible to 
monitor the phase relationship between receptance and 
applied force by studying the relative magnitudes of the 
real and imaginary components of receptance. The following 
dynamic quantities were evaluated for the first three modes 
of resonant axial vibration for different values of the 
damping constant: 
i) the frequency and amplitude of receptance when the 
predicted amplitude of direct receptance at one end 
of the bar attained a localised maximum value. These 
values are subsequently referred to as the axial 
resonant frequency and amplitude of receptance at 
resonance, respectively; 
ii) the specific damping capacity (as defined in 
Section 2.2.2) determined by a bandwidth method using 
the half-power points of the relationship between 
receptance and frequency. 
In determining the specific damping capacity (SDC) 
associated with a given resonant frequency, the amplitude of 
receptance at resonance was found and a search was made for 
the frequencies above and below the resonant frequency at 
which the predicted amplitude of receptance was 
1/Y"2-times 
that at resonance. The value of SDC was determined as 
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SDC = 2IT(fu _fL)I .... Eqn. 2.2.11 
where fu= frequency of excitation above the resonant 
frequency where the amplitude of receptance is 
l/Vthat at resonance; 
fL= as fu but the frequency below the resonant 
frequency. 
It was assumed that the response of the bar to axial 
vibration was related only to the frequency of excitation 
and that all other factors such as material damping and 
elastic properties were unchanged by the amplitude of 
vibration. 
It can be shown with reference to Kolsky (1953) and 
Clough and Penzien (1975) that the value of n can be related 
to the SDC of bars of materials with low damping properties, 
and the value of SDC is given by the expression 
1 
SDC = 4Tn/(4+f2) Z .... Eqn. 2.2.12 
The predicted dynamic characteristics of the two bars 
are presented in Table 2.1. It is apparent from these 
results that values of material damping within the range 
studied had a negligible effect on the predicted axial 
resonant frequencies of the bars of the two materials. 
However, a considerable reduction in the amplitude of 
receptance at resonance was observed with increasing values 
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of damping. This trend was expected since the amplitude of 
resonant vibration of freely suspended structures is known 
to be governed primarily by material damping. By comparison 
with the results of vibration tests performed on steel and 
concrete bars in air (see Table 4.4), it was possible to 
determine that the most appropriate values for the damping 
constant were: 
n=0.007 for concrete; 
n=0.0003 for steel. 
The value of SDC produced by Eqn. 2.2.12 for r=0.007 
is 0.044; for Tj = 0.0003 the value of SDC is 0.002. These 
values are consistent with those presented in Table 2.1 for 
corresponding values of damping constant p. 
It was observed that the real component of receptance 
attained a null value when the frequency of excitation 
corresponded to a resonant frequency of the bar. This 
- : ýe implied that at resonance the receptance ac!! a. p., - JI 
were in quadrature. This phenomenon is predicted in the 
discussion presented by Bishop and Johnson (1960) of 
vibrations of structures composed of materials with low 
damping, and was also observed in the vibration tests in air 
described in Chapter 4. 
The predicted axial strain mode shapes for the first 
three axial resonant frequencies of each bar were determined 
using Eqn. 2.2.10 and the suggested values of 
damping as 
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given above. The variation in strain phase angle along the 
bar was also examined. The normalized axial strain mode 
shapes determined in a given mode of resonant axial 
vibration of each bar were identical and therefore only the 
results relating to one bar (that of steel) are presented 
(see Fig. 2.2 and Fig. 2.3). The predicted axial strain 
mode shapes and phase relationships were very similar to 
those determined in the vibration tests on model piles in 
air (see Figs. 4.7,4.9,4.12 and 4.14). 
It can be concluded that the model described above is a 
valid representation of the low-amplitude axial vibration of 
uniform concrete and steel bars similar to those described 
in the experimental study. The model predicted to an 
acceptable level of accuracy the axial resonant frequencies, 
the amplitudes of receptance at resonance, specific damping 
capacities and the axial strain mode shapes. 
2.3 Dynamic analysis of an embedded pile in a 
linear-elastic soil 
The aim of this analysis was to determine the predicted 
values of direct receptance at the top of an embedded pile 
at each of its first three axial resonant frequencies using 
a commonly available finite element technique. The 
suitability of the technique to represent the resonant axial 
vibration of piles was examined by comparing predicted and 
experimental values of dynamic characteristics of model 
piles. 
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2.3.1 The finite element models 
A study was made of the dynamic response of a uniform 
vertical pile foundation subjected to a sinusoidal axial 
force of pre-determined frequency applied at the centre of 
the top of the pile. A sketch of such a pile is shown in 
Fig. 2.4(a). The axial vibration of embedded model piles 
similar to those described in Chapter 4 was examined so that 
a comparison could be made between predicted and 
experimental results. The model piles were tested in a 
uniform bed of dry sand contained within a tank 1350 x 890 x 
1330 mm deep. The sides and base of the tank were regarded 
as rigid boundaries at which no deformation was possible. 
diagram showing a transverse cross-section of the 
theoretical pile and surrounding soil is presented in Fig. 
2.4(b). 
The axial vibration of the model pile was analysed 
A 
using a standard finite element program, SAPIV, developed by 
Bathe, Wilson and Peterson (1974). The program solves 
problems of the forced vibration of structures by performing 
an initial eigensolution and a. subsequent response 
history 
analysis using results from the eigensolution. The 
finite 
element method assumes that the soil-pile system may 
be 
considered as an interacting group of elements whose 
material properties are constant within the 
bounds of each 
individual element. 
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It was assumed in the initial eigensolution that the 
material properties of both the pile and the soil remained 
linear-elastic, i. e. the stresses and strains within the 
material were related by the fundamental classical 
expressions involving Young's modulus and Poisson's ratio, 
regardless of the loading conditions. The soil-pile 
interface was modelled so that there was no slippage between 
the two materials, i. e. the soil remained in perfect contact 
with the pile throughout each cycle of vibration. No 
special consideration was given to the reactions beneath the 
pile tip other than to assume that the material properties 
remained linear-elastic in nature. The deformation at the 
base of a pile acts primarily in a manner to compress the 
soil immediately beneath it. It is therefore reasonable to 
assume that the dynamic Young's modulus of the soil is the 
principal elastic parameter (external to the pile itself) 
governing the elastic response to vertical motion of the 
pile tip. 
While the above assumptions may not have represented 
exactly the real conditions experienced in embedded pile 
foundations, the very small axial strains observed in 
experimental tests on embedded model piles 
(see Section 
4.5.3) suggest that plastic deformations and separation of 
soil and pile are unlikely to occur 
in piles vibrating at 
resonance. 
Two different finite element models were analysed, one 
representing a fully embedded pile, the other representing a 
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pile which was supported only by the soil beneath the pile 
tip. Diagrams of the finite element meshes used in both 
cases are shown in Figs. 2.5 and 2.6. The latter model was 
used to examine the implications of the work presented by 
Davis and Dunn (1974), who suggested that the dynamic 
characteristics of an embedded pile may be influenced 
largely by the material at the base of the pile rather than 
that around its sides. 
The meshes were composed of a combination of both 
triangular and quadrilateral axisymmetric elements. Hence 
the three dimensional situation of a pile vibrating in a bed 
of soil of uniform density was accurately represented by an 
essentially two dimensional model. Prime interest was in 
the dynamic response of the pile in its first three modes of 
resonant axial vibration, including the mode shapes of axial 
displacement and axial strain. Therefore sufficient pile 
elements were needed to produce a good definition of the 
mode shapes. Further, the elastic properties of the soil, 
which are shown in Section 3.3 to vary with depth below 
ground level, were better represented by a more elaborate 
mesh. Initially a mesh of more than 1000 elements was 
studied, but a preliminary analysis indicated that the 
computer time and resource required to determine the 
required modes of vibration would have been very excessive. 
Hence the meshes shown in Figs. 2.5 and 2.6 were adopted as 
a compromise between accuracy of both the representation of 
soil properties and the definition of the mode shapes, and 
the available computer resources. The pile was modelled as 
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32 elements. The greatest concentration of soil elements 
was in the region immediately adjacent to the pile. 
Therefore the elements of sand which might reasonably be 
assumed to exert maximum influence on the pile were modelled 
more accurately than those more remote from the pile. 
All the element nodes were assumed to be free from 
restraint except those situated on the sand-tank boundary, 
where no displacement or rotation was permitted. 
Both concrete and steel piles were analysed. The 
length and diameter of each theoretical pile were 1.000 m 
and 44.0 mm, respectively. The boundaries of the finite 
element mesh represented the sides and base of the testing 
tank used in the experimental work and were 445 mm from the 
central axis of the pile and 1330 mm from the top of the 
pile, respectively. 
2.3.2 Material properties 
The dynamic values of the elastic properties of the 
pile materials were assumed to be: 
concrete - E= 40.0 GN/m2, G=17.4 
GN/m ,v =0.15, p =2250 
kg/m3; 
steel -- E=210.0 GN/m 
2, G=81.1 GN/m2, v =0.29, p =7850 kg/m3; 
where E= dynamic Young's modulus; 
G"" shear 
""; 
v= Poisson's ratio; p= density. 
2.19 
The material properties of the elements of the sand 
were assumed to vary with depth below ground level. The 
dynamic shear moduli, Young's moduli, and Poisson's ratio 
values were determined using expressions derived in Section 
3.3. The values were considered to represent the properties 
that were expected to exist in the uniform beds of sand used 
in the experimental study. In the case of the theoretical 
pile supported only at its lower end, the properties of the 
soil elements were assumed to be those determined with a 
ground level at the top of the pile. The centroid of the 
element was used as the reference point in determining the 
soil properties of each individual element. 
The damping present within a vibrating system is of 
prime importance in determining the amplitude of vibration 
at resonance. The nature of material damping in concrete 
and steel is discussed in Section 2.2.2, and the difficulty 
in assessing the material damping properties of dry sand is 
discussed in Section 3.3.4. 
2.3.3 Vibration analysis of model piles 
As briefly mentioned in Section 2.3.1, the analysis was 
performed in two stages. First, the eigensolution was 
found, then, using the eigenvalues and corresponding 
eigenvectors, the response of the system was examined when 
subjected to a vertical sinusoidal force acting at the 
centre of the top of the pile. The second stage of the 
analysis was a study of the response of the system over a 
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period of time. The response was calculated for a given 
instant of time at which the applied vertical force at the 
top of the pile attained a specified value. A response 
history of the displacements and stresses ;, ' ,, 
T ); J 'I 
successive intervals of time. 
Several methods exist for producing response history 
analyses. These involve either direct integration 
techniques or the method of mode superposition. Mode 
superposition was more appropriate in this case as it was 
necessary to use a large number of time intervals so that a 
steady vibration response could be established and observed. 
A detailed explanation of the eigensolution techniques 
and method of mode superposition for response history 
analysis was presented by Bathe and Wilson (1976). 
The nodal displacements were calculated for every time 
interval specified in the data input. Generally, each cycle 
of vibration was divided into forty time increments. A 
steady sinusoidal response was established by subjecting the 
soil-pile model to fifty cycles of the sinusoidal forcing 
function acting at a pre--determined frequency. The 
vibration was observed to be steady by examination of the 
last few cycles of the response. Once the results of the 
eigensolution were known it was possible to examine the 
forced resonant axial displacement and stress mode shapes of 
the pile for a given mode of vibration. 
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The method of mode superposition required that a single 
value of damping was applied to all the modes of vibration 
involved in the response history calculations in any one 
analysis. This was a distinct disadvantage as it assumed 
that both soil and pile materials had identical damping 
properties and that all modes of vibration were equally 
damped. Further, the assumption was made that the damping 
mechanism in the system was viscous in nature, i. e. the 
forces dissipating energy were proportional to velocity. It 
was fully realised that the model of viscous damping did not 
accurately represent the damping mechanisms of any of the 
individual materials involved. The use of this model was a 
first attempt at representing the overall damping present 
within a combined soil-pile system. 
The influence of the values of the material damping 
used in the response history analysis was studied by 
analysing each soil-pile system over a range of damping 
values. These values corresponded to values of specific 
damping capacity of 0.0,0.2, and 0.4 and represented the 
range of damping values that may have been expected in the 
individual materials. Three separate response history 
analyses were performed on each finite element model, each 
using a different axial resonant frequency of that model for 
the frequency of the applied vertical force. 
The first three predicted axial resonant frequencies of 
each pile produced by the eigensolutions are presented 
in 
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Table 2.2(b). The corresponding predicted resonant 
frequencies of the same piles freely suspended in air are 
shown in Table 2.2(a). These values were obtained using 
Eqn. 2.2.1. It was evident from these results that the 
predicted changes in resonant frequency due to the presence 
of the sand were much greater than those determined 
experimentally (see Table 4.5). The difference between the 
measured and predicted resonant frequencies of the embedded 
piles was caused by the presence of the soil in the 
vibration calculations. A further eigensolution analysis 
was conducted using a null density value for the sand, but 
retaining the original values of its elastic properties. 
This effectively removed the mass of the sand from the 
vibration but maintained the same level of restraint on the 
pile as in the original analysis. It was realised that a 
certain quantity of sand was likely to be vibrating with the 
pile and that the above assumption constituted a first 
attempt to investigate the extent of the vibration. It was 
possible to restrain element nodes close to the pile and 
thus reduce the volume of sand excited by the pile, and 
additional analyses were planned to examine this effect. 
However, these investigations were abandoned in view of the 
unfavourable findings described below regarding the 
suitability of the response history analysis. A more 
detailed investigation of the extent of the vibrating soil 
around the pile is presented in Section 2.4.6.3. 
The axial resonant frequencies of the model piles 
predicted by the eigensolution which ignored the mass of the 
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sand are given in Table 2.2(c). The predicted changes in 
the axial resonant frequencies due to embedment were closer 
in magnitude to those observed in the vibration tests on 
model piles than were those predicted with the inclusion of 
the mass of the soil. Therefore the mode superposition 
analysis was performed using the results from the 
eigensolutions which ignored the mass of the sand. 
Predicted values of direct receptance were determined 
at the top of each model pile at each of the first three 
axial resonant frequencies. The results are given in Table 
2.3. It was found that the receptance values were very 
sensitive to the value of overall damping used in the 
analysis. The values of receptance of the concrete piles 
were predict. ---; 111 
than those of steel piles for similar modes of 
vibration and damping values. This may be linked to the 
ratio of the assumed values of the dynamic elastic moduli of 
steel : concrete which has a value of approximately 5.3: 1. 
Hence, in purely elastic conditions of loading and response, 
the steel pile would appear as approximately five times more 
stiff than the concrete pile, and, for a given value of 
applied axial force, the response of the steel pile might 
have been expected to be about one fifth that of the 
concrete pile. This phenomenon was not observed in the 
experimental values of receptance at resonance given in 
Table 4.5, which suggests that the dynamic response of an 
embedded model pile at resonance is not primarily dependent 
on the stiffness of the pile material. Further comparison 
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with the experimental values of receptance suggests that a 
significantly higher value of damping than those used in the 
analyses is required before the predicted values of 
receptance would be comparable to those observed in the 
vibration tests on model piles. 
The validity of the results of the response history 
analysis is subject to doubt owing to the assumptions of the 
theory of mode superposition. A serious disadvantage is 
that only one value of damping may be applied to the system 
even when two different materials are involved. Therefore 
no further discussion is presented of the damped vibration 
of piles determined by mode superposition response analysis. 
The conclusion is that the standard finite element 
technique of dynamic analysis by eigensolution and 
subsequent response history methods is unsuitable with 
regard to the determination of the dynamic response of an 
embedded pile at its axial resonant frequencies. The 
principal disadvantages are the assumptions that are made 
regarding the nature of damping within the soil-pile system, 
and the difficulty in obtaining a suitable value of viscous 
damping equivalent to that experienced in nature. 
2.4 Dynamic analysis of an embedded pile in a 
visco-elastic soil 
The aim of this analysis was to determine the pr_ 7i. 1, ce; 
1 
dynamic characteristics of an embedded pile in each of the 
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first three modes of resonant axial vibration using an 
existing soil-pile model. The relative influence of the 
mass, stiffness and damping of the soil on the dynamic axial 
response of a pile at resonance was also examined. 
2.4.1 Existing model and method of solution 
A dynamic analysis of an embedded vertical pile using a 
visco-elastic soil model was presented by Novak et al. 
(1977,1978a, 1978b). The pile was excited by a sinusoidal 
axial force of pre-determined frequency applied at its upper 
end. The pile was represented by a number of interacting 
elements which were in contact with the soil along their 
curved surfaces, and also at the base of the pile. The 
soil-pile interaction on these surfaces was a function of 
the frequency of excitation, the material properties of both 
the soil and the pile, and the pile geometry. A diagram of 
the pile is presented in Fig. 2.7. 
The main assumptions were that: 
i) the soil was composed of horizontal layers which were 
homogeneous, isotropic, and visco-elastic with hysteretic 
(frequency independent) material damping. The soil 
properties were assumed to be constant within each layer 
but variations were possible between adjacent layers; 
ii) the pile was vertical, linear-elastic and had a 
circular cross-section that could vary in discrete steps 
at the interfaces of the soil layers. There was a perfect 
bond between the pile and the soil (no slippage was 
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permitted along the soil-pile interface). The adjacent 
soil layers were modelled as void in situations where the 
pile head was above the surface of the ground. 
Novak (1978a) used a finite element technique to 
analyse the model and produced dynamic stiffness matrices 
for each element of the pile. The element matrices were 
combined to produce a global dynamic stiffness matrix to 
which the stiffness contribution of the pile tip was added. 
The dynamic axial displacements along the length of the 
pile were determined after the inverse of the global 
stiffness matrix had been calculated, although prime 
interest was in the response at the top of the pile. 
The aim of the present study was to locate the 
predicted axial resonant frequencies and other dynamic 
characteristics of the piles at the first three modes of 
resonant axial vibration of each pile. Consequently, a 
significantly large number of pile elements was required to 
produce good definition of the displacement and strain mode 
shapes, and to provide a good representation of the 
variation of soil properties with depth. Numerous 
frequencies of excitation needed to be investigated before 
the resonant frequencies could be identified. This implied 
that, using Novak's technique, a computer would be required 
to invert a large dynamic stiffness matrix for each 
frequency of excitation, thus consuming a very considerable 
amount of computer time and resource. 
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2.4.2 Improvements to the existing soil-pile model 
Two improvements may be made to the soil-pile model 
presented by Novak et al.. Firstly, material damping within 
piles was assumed by Novak to be viscous. A model 
incorporating a pile material with hysteretic material 
damping is more appropriate for the analysis of 
low-amplitude vibrations of concrete and steel model piles 
(see Section 6.1). The equation of motion of the embedded 
pile derived by Novak et al. is modified to include 
hysteretic damping within the pile material by removing the 
term representing viscous damping and substituting E' (as 
given by Eqn. 2.2.4) for the dynamic Young's modulus of the 
pile. 
A further improvement to the model is made by 
including the mass of the soil excited by the pile in the 
equation of motion of the embedded pile. The model 
presented by Novak considered the stiffness of the soil but 
neglected its mass (for reasons that are not made clear). 
Novak suggested that the amplitude of vertical displacement 
within a thin horizontal layer of soil, w, at distance h' 
from the centre of a section of pile undergoing sinusoidal 
vertical displacement of steady amplitude w, can 
be 
expressed as 
W= woKo(sh' )/ (K, (sr) ) .... 
Eqn. 2.4.1 
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where s= iw/[G*/p*)'(1+ia*/1r)i]; 
i /-1; 
W= frequency of excitation (rad/sec); 
G* = dynamic shear modulus of soil; 
P* = density of soil; 
= 2Tt (SDC)S /[167T 2_(SDC)2] ; 
(a* is the logarithmic decrement of the soil); 
(SDC)s = specific damping capacity of the soil; 
K 
ö(sr) = modified Bessel function of the second kind 
of order 0 and complex argument (sr) (see 
Abramowitz and Stegun (1965)); 
r= radius of pile. 
Vertical displacements within a thin horizontal layer 
of dry sand at points remote from the soil-pile interface 
were calculated in terms of the amplitude of vertical 
displacement of the adjacent section of pile. Typical 
values of soil properties relating to the vibration tests on 
model piles embedded in dry sand (see Sections 3.2,3.3 and 
4.2) were substituted into Eqn. 2.4.1. The predicted 
relative vertical displacements within the soil layer were 
determined at 2200 Hz, 5000 Hz and 7800 Hz to include the 
range of frequencies of excitation to which the uniform 
model piles were subjected. The relationship between 
distance from the soil-pile interface and the amplitude of 
relative vertical displacement within the soil for each of 
the three frequencies of excitation is shown in Fig. 2.8. 
Another possible interpretation of the soil motion is to 
consider it subjected to a shear wave originating at the 
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soil-pile interface and travelling outwards from the pile. 
The amplitude of shear waves within an elastic medium was 
shown by Ewing, Jardetsky and Press (1957) to decrease at a 
rate of 1/h, where h is the distance from the wave source. 
The reduction in the amplitude of vertical displacement of 
soil subjected to shear waves with increasing distance from 
the soil-pile interface is shown in Fig. 2.8. 
The amplitude of vertical displacement of the soil 
decreases rapidly with increasing distance from the pile. 
However, each representation of the soil motion permits very 
small displacements at infinite distance from the pile. 
Therefore no physical limit to the volume of soil excited by 
the pile can be established using either of these models. A 
simplification can be made by assuming that a core of sand 
within a given radius of the pile is vibrating at the same 
amplitude as that of the adjacent pile section, and that the 
soil motion beyond the outer circumference of the core is 
negligible (see Fig. 2.8). The extent of the core cannot be 
determined analytically since the amplitude of vertical 
displacement of the soil predicted by Novak and the shear 
wave model never becomes zero. A semi-empirical method was 
used to determine the extent of the soil core. The effect 
of a variation in the core dimensions on the predicted 
dynamic characteristics of embedded uniform piles was 
examined and a comparison was made between predicted and 
experimental results relating to similar piles (see Section 
2.4.6.3). 
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The equation of motion of an embedded pile with 
modifications for hysteretic damping within the pile 
material and the additional mass of the soil becomes: 
( p+p*A*)E 2w(Z, t)/ate 3- E'ACa2 w(z, t)/az2J 
+G*(Sw 
l+iSw2 
)w(z, t) =O 
where p= density of pile material; 
A= cross-sectional area of the pile; 
p*= density of the soil; 
.... Eqn. 2.4.2 
A* = cross-sectional area of the core of soil around 
the pile element; 
w(z, t) = axial displacement of pile at distance z from 
the top of the pile at time t; 
E' = E(l+il). (see Eqn. 2.2.4); 
G* = dynamic shear modulus of soil adjacent to pile; 
Sw1, Sw 
2= 
factors derived by Novak et al. (1978b) as 
Sw, 
1= 
Real [k] ; Sw 2= 
Imaginary [k] ; 
where k= 27a*G*(1+ia*/Tr)[Kl (a*)/Ko(a*)] ; 
a* = is/[l+i (a*/7) ]1 ; 
a=r cdv* ; 
v* = velocity of shear waves in the soil around the 
pile element; 
K o(a*) = modified 
Bessel function of the second kind 
of order 0 of complex argument a*; 
Kl(a*) = modified Bessel function of the second kind 
of order 1 of complex argument (a*) (see 
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Abramowitz and Stegun (1965)). 
This has the effect of changing the expression for X* 
(see Eqns. 2.4.4 and 2.4.5) given by Novak to become 




}/(E'A) 12.... Eqn. 2.4.3 
Thus the value of X* is a function of the geometry of 
the pile element, the material properties of both the pile 
and the soil, and also the frequency of vibration. In this 
study it was necessary to evaluate x* for each pile element 
at each frequency of excitation under examination. 
2.4.3 Application of receptance theory 
A very substantial improvement to the above technique 
was made by applying receptance theory, as described by 
Bishop and Johnson (1960). 
2.4.3.1 Direct and cross receptances of a pile element 
The direct and cross receptances of a section of an 
embedded pile were obtained from the inversion of the 
elemental stiffness matrix derived by Novak (1978a) and the 
modifications to X* as outlined in Section 2.4.2. 
Considering a pile element between two points r and s along 
the length of the pile, the direct receptance of the 
element, Qrr , can be written 
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ßrr =- cot(X*L)/(E'AX*) 
and the cross receptance of the element, 
frs 
=- cosec(A*L)/(E'AX*) 
where L= length of the pile element; 
.... Eqn. 2.4.5 
and all other terms are as defined following Eqn. 2.4.2. 
2.4.3.2 Direct receptance of soil beneath the pile tip 
The dynamic interaction of the pile tip and the soil 
immediately below it was regarded as similar to that of a 
rigid disc on a visco-elastic half-space, the analysis of 
which was presented by Veletsos and Verbic (1973). 
The direct receptance of the soil beneath the pile tip, 
S", is given by the inverse of the dynamic soil stiffness, 
Q", derived by Veletsos and Verbic as 
S" = 1/Q" = (1- v") /[4G'1rh1 (k*+ia"c*) ] .... Eqn. 2.4.6 
where G" = dynamic shear modulus of soil immediately below 
the pile tip; 
r" = radius of the base of the pile; 
V" = Poisson's ratio of the soil below the pile tip; 
all = rllw/v" 
v" = shear wave velocity in soil beneath the pile tip; 
k*, c* = factors dependent on material damping, Poisson's 
.... Eqn. 2.4.4 
ß 
rý, as 
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ratio and a" ; 
k* = 1-X"-[0.5(R-1 Y4 a"- Y3(a") 
2 
I 
c* _ [O. 5(R+1)]2Y4 +T'+T" 
X" = Yl {R+[O. 5(R-1)32Y2 a"} (Y2a") 
2/Y" 
; 
Y" = R+2 [O. 5 (R-1) ] 
ia 
"+ (( 2a II) 
2; 
T' = Y]Y2 [O. 5 (R+1) ]ý (Y2 a") 
2 /Y" ; 
R= [1+(a "/ßr)2 ]; 
ä' =2 Tr(SDC) "/ (16, r2-[ (SDC) "]2}1 
(a" is the logarithmic decrement of soil beneath the 
pile tip); 
(SDC)" = specific damping capacity of the soil beneath the 
pile tip; 
Yl 1 Y2, Y3, Y4 are factors determined empirically and are 
dependent on Poisson's ratio; 
S" I/n.. 
Values of Y1_4presented by Veletsos and Verbic are given 
in Table 2.4 for values of Poisson's ratio of 0.00,0.33 and 
0.50. 
It was impossible to define a cross receptance for the 
soil below the pile tip owing to the assumption of its 
semi-infinite nature. 
2.4.3.3 Direct receptance at the top of a pile 
The calculation of the direct receptance at the top of 
a pile similar to that shown in Fig. 2.7 is described below. 
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It is assumed that all the appropriate material properties 
and dimensions are known and that the pile comprises 32 
elements. 
Once the direct and cross receptances of each of the 
pile elements have been calculated, the receptances of two 
adjacent pile elements are combined in the manner described 
by Bishop and Johnson (1960). The receptances of a system 
of two combined elements are: 
al = ß1l -i)2 ß12 ýCß 22+ 'Y22) 






33 3Y 22 
.... Eqn. 2.4.7 
.... Eqn. 2.4.8 
al3 Ot ß12Y23 / ß22 +Y22ý """. Eqn . 2.4.9 31 
where ars = receptances of the combined system of the two 
elements; 
tars - receptances of one of the pile elements; 
yrs = 11 11 11 
" the other pile element. 
After determining the receptances of two combined 
elements, the calculations are repeated to calculate the 
receptances of the combined system together with the next 
adjacent pile element. This process is described in Fig. 
2.1 for a bar comprising three elements B, C and D. 
Elements B and C are combined to produce system E, which is 
then linked to element D to produce system A. 
As stated in Section 2.4.3.2 it was impossible to 
define a cross receptance for the soil beneath the pile tip. 
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Therefore it is necessary to commence the calculation of the 
receptances of the combined elements using the uppermost 
pile elements and to proceed down the pile. This obviates 
the need to evaluate the cross receptance of the soil as the 
reaction of the soil beneath the pile tip is the last 
feature to be included. 
The direct receptance at the top of the pile shown in 
Fig. 2.7 is calculated by adopting the following procedure: 
i) the direct and cross receptances of each individual 
pile element are calculated using Eqns. 2.4.4 and 2.4.5; 
ii) the cross and direct receptances of the combined 
system of elements 1 and 2 are calculated using Eqns. 
2.4.7,2.4.8 and 2.4.9; 
'iii) step ii) is repeated using the receptances of the 
combined system of elements 1 and 2 and the receptances of 
element 3 to calculate the direct and cross receptances of 
the system of elements 1,2 and 3; 
iv) step iii) is repeated until the lowest pile element is 
included; 
v) the direct receptance of the pile is calculated using 
Eqn. 2.4.7, the receptances of the combined system of all 
the pile elements and the direct receptance of the soil 
below the pile tip (as determined by Eqn. 2.4.6). 
The final result after all the pile elements and the 
soil reaction have been included is the direct receptance at 
the top of the embedded pile, k'. This value is the 
reciprocal of the complex vertical pile stiffness produced 
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by Novak (1978a). 
2.4.3.4 Axial displacements 
The cross receptance of an embedded pile at the 
boundary of two elements when subjected to a dynamic 
vertical force acting at the top of the pile, a21, can be 
written 
Y .... Eqn. 2.4.10 21 12 
ß 
12R 22 
C ß22 + 
22 
where ß= cross receptance of the section of the pile 
12 
above the element boundary; 
ß22 = direct receptance of the section of pile above 
the element boundary and measured at that point; 
Y22 
= direct receptance of the section of pile below 
the element boundary and measured at that point. 
The method of evaluating ß12 and 22 has already been 
described in Section 2.4.3.3. The determination of Y22 
was made in much the same manner using Eqns. 2.4.7,2.4.8 
and 2.4.9, but commencing at the lowest pile element and 
proceeding upwards. The calculations were repeated until 
all the elements below the chosen boundary had been 
included. The final item to be considered was the tip 
reaction, and this was included using Eqn. 2.4.7. 
Thus the process of evaluating the direct and cross 
receptances of sections of pile comprising an increasing 
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number of elements was one of successive calculations. 
Intermediate results were used to calculate X21 when the 
cross receptance at another element boundary was required. 
This technique produced an optimum use of computing time and 
effort. 
The amplitudes of the dynamic axial displacement at the 
boundary between elements i and j, A, produced by a 
ij 
dynamic force of unit amplitude applied at the top of the 
pile are normalized to the displacement at the top of the 
pile by dividing the cross receptances at these points by 
the direct receptance at the top of the pile, i. e. 
ij 21) ij/k' i=1,2,3, ... 
(n-l ) .... Eqn. 2.4.11 
2.4.4 Comparison of matrix inversion and receptance 
methods of solution 
Two computer programs were written to evaluate the 
direct receptance at the top of an embedded pile at 
pre-determined frequencies of excitation using the 
assumptions given in Sections 2.4.1 and 2.4.2. One program 
used the matrix inversion technique presented 
by Novak, the 
other was based on the receptance theory described 
in 
Section 2.4.3. A large number of comparative tests were 
performed using both programs and 
identical input data. No 
variation was found between the results of 
the two programs 
for each set of input data, although the program using 
the 
receptance model produced the results 
in about 8-10% of the 
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time taken by that using the matrix inversion technique. 
Further, the calculations using receptance theory did not 
require the considerable resource of inverting a large 
matrix of complex numbers. Therefore the matrix inversion 
method of solution used by Novak was abandoned in favour of 
the more efficient receptance technique. 
The above observations regarding the computer resources 
required to determine the dynamic response of a pile 
suggested that the receptance analysis computations could 
have been performed on a micro-computer rather than a more 
sophisticated machine, although this would undoubtedly have 
increased the computation time. 
2.4.5 Predicted dynamic characteristics of a model pile 
It is now possible to predict the direct receptance at 
the top of an embedded pile consisting of a large number of 
elements for a relatively small computing cost. The 
predicted values of resonant frequency, amplitude of 
receptance at resonance, and specific damping capacity (as 
defined in Eqn. 2.2.11) of a pile in a given mode of 
resonant axial vibration may be determined by adopting the 
iterative procedure described in Appendix 2. 
The approximate amplitude of dynamic axial strain 
(aw/az) at the centre of each element may be calculated 
using the expression 
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(aw/az) = (w2_wl)/L .... Eqn. 2.4.12 
where w1 = axial displacement at one end of the element; 
W-2 go 11 if 11 11 " the other end of the 
pile element; 
L= length of the pile element. 
The axial strain mode shape at resonance may be 
determined by fitting a curve to the discrete axial strains 
calculated at the points corresponding to the centres of the 
elements. A suitable trial curve which represents the 
variation of the amplitude of axial strain with position on 
a bar vibrating at resonance may be expressed as 
( aw/ az) =e -azsin(bz) 
where a and b are constants. 
.... Eqn. 2.4.13 
The values of a and b are optimised to produce the best 
fit to the discrete strain values using the method of least 
squares as described by Kreyszig (1972). The point where 
the amplitude of axial strain attains a localised maximum 
value may be calculated by differentiating Eqn. 2.4.13 and 
equating the expression to zero. The maximum amplitude of 
strain is found by substituting the position of maximum 
strain into Eqn. 2.4.13. The axial strains can then be 
normalized to the maximum value and the axial strain mode 
shape can be plotted. 
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2.4.6 Influence of soil properties on the dynamic 
characteristics of a model pile 
It was apparent from the receptance analysis of the 
axial vibration of an embedded pile (described in Section 
2.4.3) that the influence of the soil properties on the 
dynamic response of the pile is extremely complex. The 
effects of changes in the values of material damping, mass 
and shear modulus of the soil were examined to establish 
their relative importance in the resonant axial vibration of 
a model pile. 
Predicted values of resonant frequencies, amplitudes 
of receptance at resonance and specific damping capacities 
(SDC) were determined for the first three modes of resonant 
axial vibration of two cylindrical model piles, one 
concrete, the other steel. Both piles were assumed to be 
fully embedded in dry sand and to have lengths and diameters 
of 1.000 m and 44 mm, respectively. The piles were assumed 
to be vertical, and subject to the conditions described in 
Sections 2.4.1 and 2.4.2. A steady sinusoidal axial force 
was applied to the top of the pile, and the response of the 
pile was determined using receptance theory described in 
Section 2.4.3. The material properties of the piles were 
assumed to be identical to those described in Section 2.3, 
i. e. 
concrete - E= 40.0 GN/m2, G=17.4 GN/m2, v =0.15, p =2250 kg/m 
steel - E=210.0 GN/m?, G=81.1 GN/m2, =0.29, P=7850 kg/m3. 
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In addition, the values of the hysteretic damping 
constant (see Eqn. 2.2.4) were assumed to be 0.007 for 
concrete and 0.0003 for steel. 
Values of dynamic shear moduli of the sand were 
determined using expressions presented in Section 3.3.1. 
The depth of the centre of the pile element below ground 
level was used to determine the properties of the adjacent 
soil layer. 
The effects of the properties of the sand on the 
predicted values of the dynamic characteristics of the piles 
are discussed in Section 6.2.2, where a comparison is made 
between predicted and experimental results relating to 
similar piles. 
2.4.6.1 Material damping and Poisson's ratio of sand below 
the pile tip 
A study was made of the influence of the material 
damping of the sand adjacent to the pile and the Poisson's 
ratio of that beneath its tip on the dynamic characteristics 
of the two theoretical model piles described in Section 
2.4.6. Nine combinations of damping values and Poisson's 
ratio were examined. In view of the discussion of material 
damping of dry sand in Section 3.3.4, the SDC value of the 
sand was chosen as one of 0.0,0.2,0.4. The values of 
Poisson's ratio were chosen as 0.00, C. 33,0.50, as 
corresponding values of 
Yi were already available from the 
work of Veletsos and Verbic (see Section 2.4.3.2). A value 
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of Poisson's ratio of 0.5 represents a situation in which no 
change in volume occurs during the response of the soil to 
the vibration of the pile. It is thought unlikely that no 
compression of a real soil beneath the pile tip would occur, 
since soils are by nature compressible. However, the 
possibility of no change in volume of soil is included as an 
extreme case to examine the effect of such a situation. 
The predicted values of the dynamic characteristics of 
the model piles are presented in Table 2.5. The analyses 
performed with zero damping are equivalent to those of a 
linear-elastic system. The results of the analyses were 
compared with those obtained using a simplified 
linear-elastic soil-pile model as presented by Baranov 
(1967), which ignored the material damping within the soil. 
The model suggested by Baranov required the evaluation of 
Bessel functions with real arguments, which were more easily 
obtainable than the modified Bessel functions with complex 
arguments in Eqn. 2.4.2. Therefore the numerical 
computations within the receptance analysis described in 
Section 2.4.3 could be verified to some degree by comparison 
with results predicted by the model described by Baranov. 
These results are also shown in Table 2.5, and are discussed 
in Section 6.2.2.1. 
2.4.6.2 Dynamic shear modulus of soil 
A study was made to determine the effect of the dynamic 
shear modulus of the soil on the dynamic characteristics of 
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the two model piles described in Section 2.4.6. The two 
model piles were analysed using values of shear modulus of 
sand which were a given percentage of the values predicted 
by Eqn. 3.3.1. The values chosen for each separate analysis 
varied in 10% increments between 10% and 90% of the values 
given by Eqn. 3.3.1, i. e. 
G* = K*GS .... Eqn. 2.4.14 
where G* = value of shear modulus used in analysis; 
Gs ="" 11 " to of It predicted by Eqn. 3.3.1; 
for K* = 0.1,0.2,0.3,...... 0.8,0.9 
The relationships between the changes in the predicted 
axial resonant frequencies, amplitudes of receptance and 
specific damping capacities of a typical embedded pile 
(steel) and the shear moduli of the sand are presented in 
Figs. 2.10,2.11 and 2.12, respectively, and are discussed 
in Section 6.2.2.2. 
2.4.6.3 Volume of soil vibrating with the pile 
The inclusion of the mass of the soil immediately 
adjacent to the vibrating piles was studied. The mass of 
soil within 0.5,1.0,1.5 and 2.0 mm of the curved surface 
of the pile was added to that of the pile in four separate 
analyses. 
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A study was made using the soil-pile model described in 
Section 2.4.3 of the first three modes of resonant axial 
vibration of the two piles described in Section 2.4.6. The 
variations in the predicted axial resonant frequencies, 
amplitudes of receptance at resonance and specific damping 
capacities of the theoretical piles with increasing volume 
of soil vibrating with the pile are presented in Figs. 2.13, 
2.14 and 2.15, respectively, and are discussed in Section 
6.2.2.3. 
2.4.6.4 Depth of embedment 
The effect of the depth of embedment on the predicted 
dynamic characteristics of the two model piles described in 
Section 2.4.6 was investigated. The analyses were performed 
on both of the theoretical piles at sixteen equidistant 
levels of embedment ranging from 0-100% embedment in dry 
sand. In view of the findings relating to the effect of the 
dynamic shear modulus of the sand on the resonant vibration 
of the piles (which is discussed in Section 6.2.2.2), the 
values of shear moduli used in this investigation were 
assumed to be those determined by Eqn. 2.4.14 with K*=O. 3. 
The predicted axial resonant frequencies, amplitudes 
of receptance at resonance and specific damping capacities 
of the two piles were determined and typical results (those 
of the steel pile) are presented in Figs. 2.16,2.17, and 
2.18, respectively. These results can be compared with 
empirical results determined from tests on similar piles 
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described in Section 4.5.6 (see Figs. 4.17,4.18, and 4.19). 
2.4.6.5 Axial strain mode shapes of fully embedded model 
piles 
The predicted axial resonant frequencies, amplitudes of 
receptance at resonance, and specific damping capacities of 
two model piles (Cl and S2, see Table 4.1) were determined 
using the soil-pile model described in Section 2.4.3. 
piles were assumed to be vertical, of uniform circular 
cross-section, and to be composed of a homogeneous, 
The 
isotropic material. It was assumed that the piles were 
fully embedded in dry sand and that a steady sinusoidal 
axial force was exciting the top of the pile. 
In view of the findings with regard to dynamic shear 
modulus of the soil (see Section 6.2.2.2), the value of the 
shear moduli were assumed to be those given by Eqn. 2.4.14 
with K*=0.3. Each pile was represented as a composite 
system of 32 axisymmetric elements. The dimensions and 
material properties of each pile were taken as their 
measured values as indicated in Table 4.1. 
The predicted dynamic characteristics of the two 
uniform model piles are presented in Table 
2.6 and can be 
compared with the corresponding experimental values 
presented in Table 4.5. 
The predicted axial resonant strain mode shapes of the 
two model piles were determined using the method 
described 
- 2.46 - 
in Section 2.4.5. The predicted axial strain mode shapes of 
the Cl and S2 piles fully embedded in dry sand are presented 
in Figs. 2.18 and 2.19, respectively, and can be compared 
with the corresponding experimental axial strain mode shapes 
(see Figs. 4.8 and 4.10). 
2.5 Dynamic analysis of a freely suspended bar with a finite discontinuity 
The aim of this analysis was to determine the changes 
in the dynamic characteristics of a uniform bar due to the 
presence of a neck or bulb defect. The first three modes of 
resonant axial vibration. were examined. 
2.5.1 Model and method of analysis 
A bar with a change in cross-section over a finite part 
of its length was considered as an interacting composite 
system of three cylindrical bar sections as illustrated in 
Fig. 2.9(a). The diameter of the central section was 
assumed to be different from those of the two outer 
sections, whose diameters were assumed to be identical. 
While this may not have exactly represented either a neck or 
a bulb defect, it can be seen to be equivalent to such. 
The bar was assumed to be freely suspended and to have 
uniform material properties throughout its length. The 
material damping in the bar was assumed to be hysteretic. A 
steady sinusoidal axial force of pre-determined frequency 
applied at one end was assumed to produce small amplitude 
- 2.47 - 
vibrations within the bar. 
The mechanical receptances of each of the three 
sections of bar are given by the following formulae based on 
the results from Section 2.2.2: 
11 = 22 cot( h'Ll )/(E'A1X' ) 
Y22 = Y33 =- cot( X' L2) / (E 'A2XI) 
B33 = 44 =- cot( X'L3)/ (E'A3a') 
12 =- cosec(X'L1)/ (E'A1A ') 
Y23 =- cosec(A'L2)/(E'A2A' ) 
934 _- cosec(A'L3)/(E'A3 X') .... Egns. 2.5.1 
where ßrs= receptance of bar section B (see Fig. 2.9(b)) 
at point r due to a force applied at s; 
Yrs' a rs = receptances of bar sections C and D, respectively, 
and all other terms are as defined in Fig. 2.9 and Eqns. 
2.2.5 and 2.2.6. 
Bishop and Johnson (1960) presented formulae for the 
calculation of mechanical receptances across and at the ends 
of composite dynamic systems. These formulae enable the 
dynamic displacement to be evaluated at a point in a 
vibrating system when the system is subjected to a dynamic 
force acting at another point in the system. The 
expressions are valid for steady, harmonic, low-amplitude 
vibration. Using these formulae, the receptances of the 
system comprising only the two sections of bar B and C may 
be written 
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E11 = ßll-(ß12 2 /(ß 22+ Y2) 
633 = Y33-(Y23) /( ß22 Y'2) 
E13 = 12 Y23ý( 22+Y22) .... Eqn. 2.5.2 
where Erb = receptance of the system composed of B and C and 
the values of the initial receptances are found 
using Eqns. 2.5.1. 
The third section of bar is included by treating the 
first two sections as a single system. Thus, 
2 
a 11 = X11 (E13 ) 
2 a, 44 = a4 ( a34 
alb, = E13 34/ 
( E: 
/(C 
33 +a 33) 
/(E33 +a 33) 
33+ a 33 .... Egns. 2.5.3 
where a 
rs 
= receptance of the whole system of three sections 
of bar. 
The other terms are evaluated using the expressions given 
above. 
The axial resonant frequencies of a bar with a 
discontinuity of given dimensions and material properties 
can be obtained by evaluating all for successive 
frequencies of excitation using Eqns. 2.5.3. A search is 
made for the frequency at which I alll attains a localised 
maximum value (defined as the resonant frequency and 
amplitude of receptance at resonance, respectively). Higher 
resonant frequencies may be found by searching for other 
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localised maxima at higher frequencies of excitation. 
The specific damping capacity associated with each mode 
of resonant axial vibration may be determined by a bandwidth 
method in much the same manner as that described in Section 
2.2.3 for uniform bars. Eqns. 2.5.1,2.5.2 and 2.5.3 are 
used to evaluatel at frequencies slightly higher and 
lower than the predicted resonant frequencies. A search is 
made to find the frequencies at which l a11I = v= times the 
amplitude of receptance at resonance. The specific damping 
capacity of the bar is calculated using Eqn. 2.2.11. 
2.5.2 Alternative method of resonant frequency prediction 
Another method of resonant frequency determination was 
suggested by Bishop and Johnson (1960). The expressions for 
the receptances of an interacting composite system of three 
perfectly elastic sub-systems were shown to have a common 
denominator. If the frequency equation of such a system 
(which ignores the effect of material damping) is defined as 
the condition at which all the receptances are infinite, 
then this condition is satisfied by the common denominator 
attaining a zero value. Hence 
2 
ß22'+ "(22 (ý' 33 '+ a 33 y 23' 0 .... Eqn . 2.5.4 
where the terms refer to the receptances of bars made of a 
perfectly elastic material. 
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In real situations receptance values at resonance never 
become infinite owing to the presence of damping. If 
damping is relatively low then it is appropriate to assume 
that 
+Y )(fir. +a )_(. )2 
22 22 33 33 23 .... 
Eqn. 2.5.5 
In this case the left hand side of Eqn. 2.5.5 is 
evaluated for successive frequencies of excitation. The 
receptances of the sections of the bars are determined using 
Eqns. 2.5.1. A search is made for a frequency of excitation 
which produces a local minimum value in Eqn. 2.5.5. 
2.5.3 Predicted dynamic characteristics of bars with 
either neck or bulb defects 
The effect of a structural discontinuity on the 
predicted dynamic characteristics on several bars was 
studied for a variety of sizes and types of defect. 
Predicted values of the direct receptance at one end of the 
bar were calculated at numerous frequencies of excitation. 
The dynamic characteristics of both steel and concrete bars 
were determined for the first three modes of resonant axial 
vibration using the method described in Section 2.5.1. 
A second set of values of resonant axial frequencies 
was found using the alternative method described in Section 
2.5.2. These values were compared with the first set of 
resonant frequencies. It was found that, in all the cases 
described below, the maximum difference between two values 
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corresponding to the same mode of resonant axial vibration 
of a given pile was 0.2% of that resonant frequency, and, in 
general, the two predicted values were numerically equal. 
The dimensions and material properties of the bars were 
assumed to be: 
length (L) = 1.000 m; 
diameter (d) = 0.044 m; 
Young's modulus (E) = 40 GN/m2 for concrete; 
2 
210 GN/m for steel; 
density (p) = 2250 kg/m3 for concrete; 
7850 kg/m3 for steel; 
damping constant (n) = 0.007 for concrete; 
0.0003 for steel. 
A study was made of the effect of the relative length 
and diameter of the defect to that of the pile. The effect 
of the type of material of the bar was also studied. 
The results of several of the analyses are presented in 
Figs. 2.21-2.38 and show the variation due to a change in 
position of defects of a given size on: 
i) the axial resonant frequencies of the bars, expressed 
as a percentage of the corresponding resonant frequencies 
of a uniform bar (Figs. 2.21-2.26); 
ii) the amplitude of receptance at resonance (Figs. 
2.27-2.31); 
iii) the specific damping capacity (Figs. 2.33-2.38). 
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The results relate to : 
i) a concrete bar with a small bulb (Figs. 2.21,2.27, and 
2.33); 
ii) a concrete bar with a large bulb (Figs. 2.22,2.28, 
and 2.34); 
iii) as ii) but with a shorter length of defect (Figs. 
2.23,2.29, and 2.35) ; 
iv) a concrete bar with a neck (Figs. 2.24,2.30, and 
2.36); 
v) as i) but for a steel bar (Figs. 2.25,2.31, and 2.37); 
vi) as iv) but for a steel bar (Figs. 2.26,2.32, and 
2.38). 
The results of the above analyses are discussed in 
Section 6.3. 
2.6 Location and evaluation of a finite structural defect 
in a freely suspended bar 
Further consideration was given to the model of the bar 
described in Section 2.5 in order to develop a technique of 
evaluating the position and extent of a defect using known 
values of the resonant axial frequencies of the bar, its 
nominal length and material properties. 
Substituting the appropriate expressions for receptance 
given in Eqns. 2.5.1 into Eqn. 2.5.5, i. e. the frequency 
equation of a composite system of three sub-systems, then 





cot(X'Li) cot(x'L ) cot(A'L2) cot(X'L3) 




ccose, c L X' L2 
--O 
E'A2a' 
Note that Al = A3; 
L= Ll+L2+L3 ; 
[cosec(A'L2 )]2 =1+ [cot(X'L 2) 
]2 
.... Eqn. 2.6.1 
2 
Multiplying by (E'X') and rearranging the terms, 
cot(X'Ll)cot(X'L2)/(AlA2) + [cot(A'L2)]2/(A2)2 
+ cot(A'L1)cot(X'L3)/(A1)2 + cot(A 'L2)cot(X'L3)/(AlA2) 
- [cot(X 'L2 )2+1]/(A2) 
2-0 
Multiplying by (A2) 
21 
.... Eqn. 2.6.2 
(A2/Al )2 cot(X'Ll)cot(X'L3) + (A2/Al)cot(X'L2)[cot(X'Ll) 
+ cot (A 'L3 )] -1=0 
.... Eqn. 2.6.3 
This is a quadratic equation in (A2/A1) where the 
coefficients are dependent upon the material properties and 
dimensions of the bar, and also the axial resonant 
frequencies of the combined system. 
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Eqn. 2.6.3 may be written as 
ai(A2/A1)2 + bl(A2/A1) + ci p 
where ai = cot(X'L1)cot(X'L 3) 
bi = cot(X'L2)[cot(X'L1) + cot (X 'L 3)] 
ci = -1 
1 
.... Eqn. 2.6.4 
wi = resonant frequency (rad/sec) of the ith. mode 
of axial vibration. 
Two methods exist for solving Eqn. 2.6.4 for (A2/A2). 
Method 1 requires two axial resonant frequencies to be used 
in conjunction as follows: 
r 
at w1, ai(A2/A1) 
2+ 
bi(A2/A1) + ci 0 
2 
at ý, a(A,, /Al) +b ß(A2/A1) + cj 0 
Now, c= ci = -1 (from Eqn. 2.6.4). 
Subtracting Eqn. 2.6.6 from Eqn. 2.6.5 gives 
2 
(A2/Al) (a. -a. ) + (A2/A1) (bi-bý) O 
therefore 
.... Eqn. 2.6.5 
.... Eqn. 2.6.6 
.... Eqn. 2.6.7 
(A2 /Al) = -(bi-bj )/(ai-aj) for i4j .... Eqn. 2. 6.8 
Method 2 is based on the expression for evaluating the 
roots of a quadratic equation and hence 
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21 (A2/Al) C-bi± (bi -4aici) ]/(2ai) for all i. 
.... Eqn. 2.6.9 
If it is assumed that the overall length and material 
properties of the bar are known and that the axial resonant 
frequencies of the bar with its defect can be determined 
from experimental tests then Eqns. 2.6.8 and 2.6.9 contain 
only three unknown quantities. These are Ll , L2, and (A 2/Al) 
which correspond to the length of the first section of bar, 
the length of the defect and the ratio of the area of the 
defect to that of the remainder of the bar. Note that L3 = 
L-L1-L2: However, if values are assumed for Ll and L2, a 
value of (A2/A1: ) can be calculated using Eqns. 2.6.8 and 
2.6.9. The procedure for solving these equations to reveal 
the real values of Ll, L2 and (A2/A 1) is described in Section 
5.1 where the results of experimental tests are used to 
determine the position and the extent of structural 
discontinuities in bars in air. 
2.7 Location and evaluation of a finite structural defect 
in an embedded pile 
A development of the theory described in Section 2.6 
was made so that the technique may be applied to locate and 
evaluate neck and bulb defects in piles. The soil reaction 
along the sides and at the base of the pile must be included 
in the analysis, and this was achieved using the receptance 
theory described in Section 2.4.3. It was assumed that: 
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i) the soil is composed of horizontal layers that are 
homogeneous, isotropic and linearly visco-elastic with 
frequency independent (hysteretic) material damping. 
The soil properties are constant within each layer, but 
may be different in individual layers; 
ii) the pile is vertical, linearly elastic, and has a 
circular cross-section. There is a perfect bond between 
the pile and the soil; 
iii) the pile may be considered as an interacting 
composite system of three sections. The diameter of 
each section is constant throughout each section, and 
the diameters of the upper and lower sections are the 
same. The diameter of the central section is different 
from that of the outer sections; 
iv) three axial resonant frequencies are known (from 
experimental results) and there are only three unknown 
quantities L1, L2 and A2. 
In the first instance, it is assumed that the 
boundaries of the layers of soil having different material 
properties coincide with the boundaries of the defect. More 
complex situations where this is not the case can be solved 
by treating the pile sections as combinations of pile 
elements and determining the receptances using the method 
described in Section 2.4.3.3. 
A diagram of the model representing the system is shown 
in Fig. 2.39 . 
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The frequency equation given in Eqn. 2.5.5 when 
modified to apply to piles becomes 
( ß22+Y 22) (Y33+ a 33*) - (Y23) 
2=o.... 
Eqn. 2.7.1 





_ II II 11 11 it middle " 11 It 11 
Y= 
23 
cross it n is II 11 II u 11 11 
a33 
= direct receptance of combined lower section of 
pile and soil beneath pile tip. 
The relevant direct and cross receptances of the three 
pile sections are 
22 =- cot(X*L1)/(EA1A 1) 
Y22 = 133 =- cot(X2 L2)/(EA2X2) 
33 te, cot(X3*L3)/(EA3X ) 
y23 =- cosec (XIL 2)/(EA2Xý) 
- cosec(X L )/(EA 43 3X 
) 
3 
.... Eqns. 2.7.2 
where Li = length of the ith. section of pile; 
Xi = value of X* of the ith. section of pile (see 
Eqn. 2.4.3); 
and all other terms are as defined in Eqns. 2.4.4 and 
2.4.5. 
The direct receptance of the combination of the lower 
pile element and the soil beneath the pile tip, a33, is 
achieved by a modification of Eqn. 2.4.7, 
i. e. 
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33 * =33 - (a 34)2/0 33+S"). .... Eqn. 2.7.3 
where a33 = direct receptance of the lower pile section; 
cross nnunnunnu iý 
34 
S" = direct receptance of the soil below the pile 
tip (see Section 2.4.3.2). 
Substituting the appropriate receptance expressions 
into Eqn. 2.7.1 and multiplying by -1 gives 
cot(X'`L ) cot(A*L ) cot(X *L ) cot(X *L ) cosec(A *L 1 1+ 2222+3 3+ 33 




.... Eqn. 2.7.4 
Note that A=A. 
13 
ccot(X L1)cot(A* 2) 
EÄl lEÄ2ý *2 
Continuing, 
2 
cot (X 2L2 
EA2a 2 
cot(X1Ll)cot(X*3L3) 
EA1 X*J A1X 
cot( 2L2 )cot (X 3L3 ) 
EA2 EAl X3 
3) 
] cot(X' Ll ) [cosec(X *L 
2 
EA A 1[S"(EA1A3)1 -EA1X*, ^ot(X3L3)J 
cot(X L2)[cosec(X L3)] 
2 
EA2A*2[S" (EA1 X*3) 
2- EA1X 3cot(X*3) ] 
2 
[cot(X*LZ )] +1 
+- o 2 (EA2x ) 
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.... Eqn. 2.7.5 
Multiplying by (EA2 X2) 
2, 
Eqn. 2.7.5 becomes 
A* [cot (X L l) cot (X2LZ)]X [cot (x 2L 2) cot (A *L 3) 
] 
Al al x3 
22 
A2 [xc] cot( x1L1)cot (xrL3) 
Al X ýr Xr, ý 
z2 A2 [x ]2 cot(X1{L1. )[cosec(X3*L3 )J 
Al 1X 
3 S"EA 1X 




cot (a2L2)[cosec (X*L3)] 









cot( X* 1) 
[cosec (A *L 
3) 
] 
AlX *X* X* S"EA ý* - cot (X *L; ) 3 13 3 
+A2X 
2cot(X*Ll)cot(x2 *L2 )+X2 cot(X*L2)cot(X*L3 ) 
X AIl 13 
cot(aýL2)[cosec(X L 
S"EAI X3- cot (X *3L3 ) 
Eqn. 2.7.7 may be rewritten as. 
2 
ai(A 2/Al )+ bi {A2/A1} + ci -- 0 
where 
a. _ [A*] 




cot(X L1)[[cot(a 3L3 )] +1} 
S" EA 1X - cot (X L 3) 33 
-1O 
.... Eqn. 2.7.7 
.... Eqn. 2.7.8 
- 2.60 - 
i= 1X* cot (X, L 1) cot (X *L2 ) 
1 
cot (X L2 )cot (A 3L 3) cot 
(X 2L2 ){ [cot (A *L )] 
2+1 } 
++33 
3 S"EA1X 3- cot(X *L3) 
c i= -1, for all i where i represents the axial resonant 
frequencies of the embedded pile. 
Eqn. 2.7.8 is identical to Eqn. 2.6.4 except that the 
coefficients ai and bi are more complex in nature due to the 
inclusion of the reactions generated by the soil. 
The procedure for determining the real value of (A2/Al) 
for a given pile with a defect is very similar to that 
described in Section 2.6 for defects in bars in air. A 
detailed description of the procedure is given in Section 
5.1. 
2.8 Location and evaluation of a crack defect in an 
embedded pile 
Adams et al. (1978) presented a vibration technique to 
detect cracks in bar-type structures in air. The analysis 
to determine the existence, position and severity of a 
transverse crack within an embedded pile is a development of 
that technique which incorporates the soil reactions over 
the embedded surfaces of the pile. The soil reactions have 
already been described 
in Sections 2.4.3.1 and 2.4.3.2. 
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A bar with a crack defect may be represented by two 
sections of bar and a spring, as shown in Fig. 2.4-0. The 
crack is modelled by the spring which is assumed to have an 
infinitessimal length and a stiffness, K, less than that of 
the undamaged pile section. 
The technique demonstrated by Adams et al. (1978) is 
based on the frequency equation of two interacting perfectly 
elastic systems originally presented by Bishop and Johnson 
(1960). This equation is 
ß11+ Yll 0 """"Eqn. 2.8. 1 
where ß11 direct receptance of the first section of bar at 
the joint with the other system; 
'11 = direct receptance of the combination of the 
spring and second section of bar at the joint 
with the first section of bar. 
Substituting the appropriate expressions for the 
receptances given in Eqns. 2.2.5 and 2.2.6 and rearranging 
produces the following equation 
(EA/K) = [cot(A'L1)/x'] + [cot[x'(L-Ll)]/X'} .... Eqn. 2.8.2 
where L1 = distance of the crack from one end of the bar, 
i. e. the length of the first section of bar; 
and all other terms are defined in Eqn. 2.2.5. 
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Values of (EA/K) can be calculated using the measured 
values of axial resonant frequency and material properties 
and assumed values of L l. 
In considering an embedded pile with a crack defect the 
system is modelled in a slightly different form to take into 
account the difficulties in evaluating the receptances of 
the soil beneath the pile tip, as indicated in Section 
2.4.3.2. The proposed model of an embedded pile with a 
crack defect is shown in Fig. 2.41. A similar frequency 
equation to that given in Eqn. 2.8.1 is valid for this 
situation although an allowance is required to include the 
effect of overall damping, hence 
Ili, Y11ý .... Eqn. 2.8.3 
where direct receptance of the combined top section 
11 
of the pile and the spring representing the 
crack measured at the joint with the other pile 
section; 
Y 
11 = direct receptance of the combined 
lower section 
of the pile and the soil beneath it measured 
at the top of the lower section (see Eqn. 2.7.3). 
The expression for ßl1 in this case can be shown to be 
ßll 1/K - cot(X1*L 1)/(EAXX) .... Eqn. 2. 8.4 
and 
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cot( XrL1) [cosec (X2 L2) ]2 
Y 11 
EAX *S" (EAX * )1 - EAX * cot (X *L ) 12222.... 
Egn. 2.8.5 
Substituting in Eqn. 2.8.3 gives 





-O K EA X1 EAX 2S" (EAa 
2) 
2- EA X* cot (X 2L2 ) 




cot (AIL 1) cot (X L 2) 1+ [cot (X L2 )l 
2 
K X* X* S"EAX*2 - X*cot(X *L 2) 1222 
.2.. Eq n. 2.8.7 
The solution to this equation is much simpler than 
those relating to the evaluation of neck and bulb defects, 
as in this case there are only two unknown quantities, K and 
Lº The procedure for solving Eqn. 2.8.7 using experimental 
data is described in Section 5.1. 
2.9 Summary 
The predicted axial vibration of freely suspended bars 
and embedded piles has been studied. 
An appropriate model representing the low-amplitude 
resonant axial vibration of freely suspended 
bars was 
presented in Section 2.2. 
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The standard finite element method of dynamic analysis 
using an eigensolution and subsequent mode superposition 
analysis was rejected with regard to the resonant axial 
vibration of pile foundations. 
A substantial improvement in terms of the computing 
time and resource required to analyse the vertical vibration 
of a pile was made by the application of receptance theory 
to an existing soil-pile model which incorporated a 
visco-elastic representation of the soil. The effects of 
the soil properties on the dynamic characteristics of model 
piles were studied. 
The influence of neck and bulb defects on the 
predicted dynamic characteristics of uniform bars was 
studied in Section 2.5. Section 2.6 presented theory to 
evaluate neck and bulb defects in freely suspended bars 
using known values of axial resonant frequencies, nominal 
overall dimensions and material properties. Section 2.7 
extended this theory to include the evaluation of similar 
defects within pile foundations. The theory of detecting 
the position of cracks in embedded piles was presented in 
Section 2.8. 
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CHAPTER 3 DYNAMIC BEHAVIOUR OF SAND SUBJECTED TO SMALL 
AMPLITUDE VIBRATIONS 
3.1 Introduction 
Recent developments in the study of the dynamic 
behaviour of sand have been made in two avenues of research 
which are, in general, unrelated. 
One avenue is the study of the effect of an earthquake 
on a deposit of sand resulting in very large disturbances 
within the deposit. The displacements produced during the 
ensuing ground motion are generally very sudden and 
represent the release of large quantities of energy. In 
view of the form of vibration and the energy involved, the 
data and algorithms that have been developed to predict soil 
behaviour in earthquake situations are not relevant to the 
small amplitude steady vibrations associated with the 
non-destructive testing of pile foundations using resonant 
vibration techniques. 
The other avenue of research has studied the behaviour 
of foundations and surrounding soil when subjected to 
vibrations produced by an exciting force from the structure 
above the foundation. In general this form of excitation 
produces low amplitude steady vibration within the soil at 
frequencies higher than those experienced during an 
earthquake. Vibrations of this type are commonly produced 
within structures housing rotating machinery or heavy 
pressing equipment. The importance of accurate prediction 
- 3.1 - 
of the dynamic response of foundations when subjected to 
oscillations produced under working conditions lies in the 
realisation of the drastic effect on rotating machinery if 
mechanical bearings become mis-aligned due to differential 
ground movements. 
Vibrations from rotating machinery or mechanical 
presses are usually of minor importance in determining 
ground movements. Exceptions are situations where either 
the eccentricity of the rotating mass or the mass itself is 
large. The rotational frequency of such machines is 
generally low and unlikely to exceed 200 Hz. Therefore the 
information used to determine the dynamic soil properties 
under these conditions is much more relevant to predicting 
dynamic soil reactions on piles subjected to small amplitude 
axial vibration than that derived for earthquake conditions. 
The comparison of predicted dynamic characteristics of 
embedded model piles with their corresponding experimental 
values requires the dynamic stiffness and damping properties 
of the soil to be evaluated. Ideally the dynamic soil 
properties of the dry sand used in the experimental work 
would have been determined under conditions identical to 
those existing during the axial vibration of the model 
piles. This could have been achieved using a series of 
resonant column tests as described by Hardin and Richart 
(1963). Unfortunately such apparatus was not available. 
The only possible course of action was to determine the 
physical properties of the sand and correlate these results 
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to the work of previous researchers who used the resonant 
column device to test similar soils under similar 
conditions. 
Dry sand was chosen as the soil in which the model 
piles were installed. This choice was made with regard to 
the importance of uniformity of soil properties throughout 
the soil medium, thus removing the possibility of errors in 
the assessment of the soil properties arising from, localised 
variations within the soil. The method of forming uniform 
beds of dry sand is described in Section 4.3.3. 
3.2 Physical properties of dry sand used in experimental 
tests 
The sand used in the vibration tests on model piles 
was dry medium grained sub-rounded Leighton Buzzard sand 
with particle sizes nominally between 0.25 and 0.71 mm. 
The following tests (as described in BS1377 (1975)) 
were performed on the sand prior to the start of the 
vibration tests on model piles: 
i) determination of the particle size distribution - 
standard method by dry sieving; 
ii) determination of the specific gravity of soil 
particles - method for fine, medium, or coarse 
grained soils; 
iii) determination of the moisture content - standard 
method. 
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The values of maximum and minimum dry densities of the 
sand were obtained using tests described by Akroyd (1957). 
The maximum and minimum values of void ratio, e, and 
porosity, n, were found by inserting the minimum and maximum 
values of density, p, respectively, into the standard s 
formulae (see Lambe and. Whitman (1969)): 
e= (G/p )-1 
s .... 
Eqn. 3.2.1 
where G= specific gravity of the soil particles; 
pS is measured in Mg/m3 and 
n= e/(l+e) .... Eqn. 3.2.2 
The angle of shearing resistance with respect to 
effective stress was determined using a constant rate of 
strain direct shear box using the standard technique, as 
described by Atkinson and Bransby (1978). 
The physical properties of the sand were: 
specific gravity = 2.64 
minimum density 
maximum if 
minimum voids ratio 
maximum " 91 to 
minimum porosity 
= 1497 kg/m3 





SI It = 0.43 maximum 
angle of shearing resistance (in = 41° 
terms of effective stress and 
measured at a density of 1648 kg/m3) 
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moisture content = 0.1% dry weight. 
The particle size distribution curve is shown in Fig. 
J"1" 
The sand bed used in the vibration tests on embedded 
piles had a uniform density of 1648 kg/m 3, 'corresponding to 
a voids ratio of 0.60 and a porosity of 0.38. The formation 
of the uniform beds is described in Section 4.3.3. 
It was observed that a slight change in the colour of 
the sand occurred over a considerable length of time as the 
schedule of vibration tests proceeded, the sand gradually 
becoming darker. All the tests described above were 
repeated on the sand after the last vibration test had been 
completed in order to identify the source of the change. A 
sample of the sand was washed in Acetone to investigate the 
possibility of contamination by oil or grease from the sand 
handling equipment. On drying the colour of the soil 
samples returned to its darker nature, thus indicating that 
no contamination by oil was present within the sample. 
Therefore the discolouration could not have originated from 
this source and further investigation was needed. 
It was found that the only mechanical property of the 
sand that had noticeably changed was the angle of shearing 
resistance. This had increased by 30 to 440. The results 
of the particle size distribution test performed at the end 
of the vibration tests is shown in Fig. 3.1, where the 
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original distribution is shown for comparison. It is 
apparent that there is very 
two curves, thus indicating 
sand particles had occurred 
vibration tests. However, 
produced by the sieve tests 
colour was slightly greater 
little difference between the 
that little attrition of the 
throughout the duration of the 
the graded samples of sand 
revealed that the change in 
with decreasing particle size. 
Samples of fresh unused sand and used sand were each 
studied under an optical microscope. It was apparent that 
the grains of the fresh sand had a slightly more polished 
surface finish than the grains of the used sand, and 
appeared to reflect more light. No discrete scratch marks 
or points of damage were visible on the surface of the used 
sand grains even when viewed at a magnification of 400x. 
The loss of reflected light from the less polished 
surfaces of the used sand grains provided an explanation for 
the darkening change in colour. A slight decrease in the 
ease with which individual sand particles were able to slide 
over one another, i. e. an increase in the frictional 
resistance between two adjacent particles, would also have 
accounted for the increase in the angle of shearing 
resistance of the used sand. 
The slightly greater change in colour with decreasing 
particle size is thought to have been caused by: 
i) the smaller particles being subjected to greater 
movement and hence more abrasion; 
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ii) an optical effect of smaller particles possessing 
a smaller surface area and therefore reflecting less 
light than larger particles. 
Vibration tests on piles which were performed at the 
start of the experimental work were repeated at the 
conclusion of the tests. The results showed no noticeable 
variation that could be attributed to a change in the 
physical properties of the sand, and it was concluded that 
the changes in the appearance of the sand and the angle of 
shearing resistance were insignificant with regard to the 
axial vibration of the model piles. 
3.3 Evaluation of dynamic elastic moduli and material 
damping of dry sand 
A review of previous research into the determination of 
dynamic properties of sand was presented by Richart, Hall 
and Woods (1970). 
The most appropriate results and expressions available 
for evaluating the dynamic soil properties relevant to the 
vibration of the model piles were those presented 
by 
researchers using the resonant column technique. 
This was 
justified in view of the very small amplitudes of axial 
strain observed in the embedded piles during 
the vibration 
tests (see Section 4.5.3). 
There are numerous forms of the resonant column test 
and lists of references 
describing these are given by Hardin 
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and Richart (1963) and Hardin and Black (1966). 
3.3.1 Dynamic shear modulus 
Hardin and Black (1966) reported that the velocity of 
shear waves propagating through sand at low amplitudes of 
shear strain (<10-5 ) was primarily dependent on the voids 
ratio, e, and the average effective confining pressure, a0'. 
Hardin and Richart (1963) studied various types of sand and 
stated that the grain size, shape and grading had negligible 
effect on the shear wave velocity. The frequency of 
excitation also had no effect on the shear wave velocities 
up to the limit of the tests, 2500 Hz. Variations in the 
amplitude of shear strain below 10-5produced negligible 
changes in the value of dynamic shear modulus. The degree 
of saturation had a minor effect occurring only at low 
confining pressures. The ambient stress history, vibration 
history, temperature, soil structure were reported by 
Richart, Hall and Woods to have negligible effects on the 
dynamic shear modulus. 
The dynamic shear modulus of the sand, G S, 
was 




where ps = density of the sand (1648 kg/m3); 
vs = shear wave velocity in sand (ols). 
.... Eqn. 3.3.1 
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The shear wave velocity of the sand used in the 
vibration tests at a depth z below surface level was 
evaluated for waves producing small amplitude shear strains 
in round-grained Ottawa sand at confining pressures lower 
2 
than 96 kN/m and void ratios less than 0.8 using the 
expression presented by Hardin and Richart (1963), 
v= (9O. 3-42.5e)( a )0.3 .... Eqn. 3.3.2 S0 
where e= voids ratio of sand 
a'= average effective confining pressure (kN/m2). 
0 
It was realised that the Leighton Buzzard sand used in 
the vibration tests was not. identical to the Ottawa sand 
tested by Hardin and Richart, but in view of the discussion 
above regarding the effect of the physical properties of the 
sand, it is thought that any differences in the dynamic 
shear moduli of the two materials were likely to be minimal. 
The average effective confining pressure is defined as 
the average of the three principal stresses acting at the 
point under consideration. In soil mechanics the stress in 
the horizontal direction is taken as a function of the 
vertical stress at the point, i. e. 
Qh, = K0QV. .... Eqn. 3.3.3 
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where Qh' = effective horizontal stress; 
a'_ It 11 vertical 11 " v 




(QV '+ Qh '+ C3h ') /3 
Qo' _ (1+2Ko )QV '/3 
.... Eqn. 3.3.4 
.... Eqn. 3.3.5 
The effective vertical pressure at a depth z in dry 
sand is given by 
Qv8 = PS gZ .... Eqn. 3.3.6 
where g= acceleration due to gravity (9.81 ms-2). 
The value of K0 for dry sand is generally assumed to be 
between 0.32 and 0.52 (see Lambe and Whitman (1969)). 
Variation between these limiting values causes only a minor 
fluctuation of about 7% in the value of the dynamic shear 
modulus. The value of K0 for normally consolidated soils, 
i. e. soils which have not been subjected to overburden 
pressures greater than those existing at present, has been 
shown to be related to the angle of shearing resistance (in 
terms of effective stress), q', by the empirical 
relationship (see Atkinson and Bransby (1978)) 
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Ko = 1-sin(q') 
.... Eqn. 3.3.7 
The value of 
öK used 
for purposes of analysis in this 
study was 0.34. This value was determined by substituting 
the value of ý' (410) found by experiment in Section 3.2 
into Eqn . 3.3.7. 
The variation of the dynamic shear modulus of a 
round-grained soil with depth below surface level is 
presented in Fig. 3.2 for a maximum depth of 1.5 m. The 
values of shear moduli were found by substituting the 
following appropriate values of the physical properties of 
the sand described in Section 3.2 into Eqns. 3.3.1,3.3.2, 
3.3.5, and 3.3.6, i. e. 
p= 1648 kg/m3 s 
e=O. 6 
K0=o. 34 . 
3.3.2 Dynamic Young's modulus 
The principal displacements and strains within a pile 
excited in axial vibration are in the direction of the axis 
of the pile, although minor deformations occur in radial 
directions. These are produced by the Poisson effect 
occurring when the elastic material of the pile is subjected 
to a strain in the axial direction. These radial movements 
are resisted by the compression resistance of the sand 
adjacent to the side of the pile. The compression 
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resistance of the sand is also present at the tip of the 
pile where the vibratory motion of the pile tends to 
compress and release the sand during each cycle of 
vibration. The dynamic value of Young's modulus is 
required if the soil resistance under these conditions is to 
be included in the analysis. 
The values of the dynamic Young's modulus for the dry 
sand used in the vibration tests were determined by the 
examination of the resonant column test results presented by 
Hardin and Richart (1963) relating to the compressive wave 
velocity, vc, within a round-grained dry sand. It is 
possible to deduce that the compressive wave velocity is 
primarily influenced by the average effective confining 
pressure and may be determined in much the same manner as 
for the dynamic shear modulus (see Section 3.3.1). The 
dynamic Young's modulus of round-grained Ottawa sand may be 
determined from the expressions presented by Hardin and 
Richart 
ES = psv2 .... Eqn. 3.3.8 
where ES= dynamic Young's modulus of sand (in N/m2) ; 
vc = 95.1(60, ) 
0.31 (in m/s); 
CT ' is expressed in kN/m2 and defined in Eqn. 3.3.5 0 
and is less than 96 kN/m2; 
PS is expressed in kg/m3. 
- 3.12 - 
Other factors such as soil gradation, frequency and 
amplitude of excitation were all shown to be insignificant 
in determining the value of dynamic Young's modulus. 
The dynamic Young's modulus, ES, was evaluated from 
Eqn. 3.3.8 using values of confining pressure determined by 
Eqn. 3.3.5, and the assumed values of a' e, and K0 given in 
Section 3.3.1. 
The relationship between dynamic Young's modulus of 
dry sand and depth below ground level is shown in Fig. 3.2. 
3.3.3 Poisson's ratio 
The Poisson's ratio of the sand, V, was evaluated s 
using the pre-determined values for dynamic shear and 
Young's moduli using the expression 
v=E /(2G )-l sss .... 
Eqn. 3.3.9 
which is derived from classical elasticity theory (see Love 
(1906)) . 
The variation of Poisson's ratio of a round-grained dry 
sand to a maximum depth of 1.5 m below surface level is 
shown in Fig. 3.3, and it was assumed that this represented 
the Poisson's ratio values within the sand used in the 
vibration tests. 
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3.3.4 Material damping 
The evaluation of the material damping of the dry sand 
was considered. Richart, Hall and Woods (1970) suggested 
that the damping in dry sand subjected to vibrations at low 
amplitude was such that the specific damping capacity (SDC) 
S 
was likely to be between 0.01 and 0.40. Hardin (1965) 
reported that the material damping in dry sand was 
hysteretic (i. e. frequency independent) in nature and, by 






258.4yO. 2 Q00 -0.5 .... Eqn. 3.3.10 
where y= amplitude of shear strain; 
CT 01= 
average effective confining pressure defined in Eqn. 
3.3.5 and expressed in kN/m2. 
Hardin stated that the expression is valid for 
vibrations at frequencies less than 600 Hz where the 
amplitude of shear strain is between 10 -6 and 10-4, and for 
confining pressures between 24 and 144 kN/m2. However, 
unrealistically high values of (SDC)s are predicted for the 
combination of low confining pressures, low amplitude shear 
strains, and high frequencies of vibration such as those 
experienced in the vibration tests on model piles. 
Therefore this expression was rejected as a method of 
determining values of SDC of the sand in these conditions. 
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It was concluded that the value of material damping of 
dry sand under the conditions experienced in the vibration 
tests could not be determined accurately. Therefore a study 
was required to examine the effects of a variation of the 
value of SDC of the sand on the predicted dynamic 
characteristics of the embedded model piles. The variation 
of the value of SDC of the sand between 0.0 and 0.4 was 
examined in Sections 2.3 and 2.4 as this was the likely 
range of damping values for low amplitude vibration. 
3.4 Summary 
The physical properties of the sand used in the 
vibration tests on model piles described in Chapter 4 have 
been determined. It was not possible to measure the dynamic 
properties of the sand under identical conditions to those 
in the vibration tests as no suitable apparatus was 
available. Therefore predicted values of the dynamic shear 
modulus, Young's modulus and Poisson's ratio were found from 
the results of previous researchers who tested similar soils 
in similar conditions. The value of material damping of the 
sand could not be accurately predicted. Therefore the 
effect of a limited variation in its value within the likely 
range of values must be examined in any theoretical studies 
of the axial vibration of model piles. 
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CHAPTER 4 EXPERIMENTAL WORK 
4.1 Introduction 
Experimental tests were performed on a number of model 
piles to determine the effect of both embedment and 
structural defects on the dynamic characteristics of the 
piles. The results of vibration tests provided measured 
values of the axial resonant frequencies, amplitudes of 
receptance at resonance and specific damping capacities of 
the piles. These values were compared with the 
corresponding values predicted by the theory in Chapter 2. 
Any common trends were identified, and the validity of the 
theory relating to model piles subject to the conditions in 
this study was thus examined. 
Unfortunately, no full scale prototype piles were 
available for testing, mainly for economic reasons. Hence 
the tests had to be confined to model piles. The maximum 
length of these piles was limited by the depth of the tank 
in which the tests were performed. The minimum length of 
the model piles was governed by the range of linear 
sensitivity of the available vibration transducers. 
Frequencies of excitation above about 10 kHz produced 
non-linear responses from both the vibrator and the 
transducers. Hence piles whose third axial resonant 
frequency was much greater than 10 kHz could not be tested. 
Thus, the lengths of the model piles varied between 0.7-1.2 
m. The diameter of the piles was chosen so that the length: 
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diameter ratios were comparable to those that might be 
experienced in real situations. 
The choice of the type of soil in which the piles were 
installed was made with regard to the necessity of producing 
soil strata whose mechanical and material properties could 
be reproduced with relative ease for successive tests. 
Uniformity of soil properties throughout the soil medium was 
desirable as it eliminated the possibility of unknown 
variations in soil properties adversely affecting the test 
results. Previous work by Maddocks (1978), who reviewed 
existing techniques of manufacturing uniform beds of soil, 
suggested that the best available material was dry Leighton 
Buzzard sand. Dry sand was used because there was no 
possibility of a change in moisture content (and hence a 
possible change in mechanical properties) occurring without 
it becoming immediately apparent. Leighton Buzzard sand is 
clean and contains no organic material. 
4.2 Manufacture of model piles 
4.2.1 Uniform piles 
Cylindrical model piles of both steel and concrete with 
length : diameter ratios between 14.6: 1 and 
22.5: 1 were 
excited in resonant axial vibration. The 
dimensions and 
material properties of all the uniform model piles subjected 
to vibration tests are presented in Table 
4.1. 
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Steel model piles were formed from either 44 mm or 64 
mm diameter mild steel bars. The ends of each pile were 
machined to provide a smooth surface perpendicular to the 
axis of the pile in order that stress waves travelling along 
the pile during excitation were clearly reflected at the 
ends of the pile. Two holes were drilled and tapped at each 
end of the piles (as shown in Fig. 4.1) to accommodate the 
attachment of vibration transducers. 
Concrete model piles were formed from a gap-graded 
micro-concrete consisting of : 
3 parts sand graded between 1.18 and 2.36 mm; 
3 parts sand graded between 0.15 and 0.60 mm; 
2 parts rapid hardening cement. 
The water/cement ratio was 0.50. This produced a concrete 
mix with a good workability and which quickly developed a 
high strength . 
Straight-shafted concrete piles without defects were 
formed using moulds made from 1.0 m lengths of 50 mm 
diameter rigid plastic pipe cut longitudinally into two 
halves. Provision for the attachment of the vibration 
transducers was made by casting special 12 mm and 3 mm 
diameter bolts into the top of each pile as shown in Fig. 
4.1. The moulds were tightly clamped during casting using 
very large diameter jubilee clips and the joints sealed with 
waterproof tape to prevent water loss. 
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The presence of the special bolts in the concrete piles 
and the drilled and tapped holes in the steel piles might be 
considered as forms of defect as both represent localised 
changes in the stiffness of the pile. However, the results 
of Adams et al. (1978) suggest that the presence of a defect 
at the end of a freely suspended bar does not significantly 
affect its resonant frequencies. The influence of a defect 
on the resonant frequencies is related to the dynamic stress 
at the position of the defect. The ends of a freely 
suspended bar vibrating in axial resonance are stress nodes, 
i. e. points where no dynamic stresses occur. Hence the 
bolts and holes are expected to exert little influence on 
the vibration of the bar. 
Five identical straight-shafted piles were cast from a 
single mix of concrete. The five piles were manufactured so 
that observations could be made on the degree of scatter in 
the results of the vibration tests on concrete piles 
(see 
Section 4.5.2). It was also possible at. a later stage (see 
Section 4.5.7) to examine the dynamic effect of different 
positions and severity of cracks in similar structures. 
Compaction of the concrete was achieved by placing each 
mould onto a vibrating table in an upright position 
for a 
period of about 30 seconds at four regular 
intervals during 
casting. The specimens and cubes were cured 
under damp 
hessian for 48 hours before being transferred to a cold 
water curing tank for a period of 
five days. 
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On removing the piles from the moulds it was apparent 
that the surface finish was very smooth and did not 
represent a realistic surface texture as might be expected 
on cast in-situ concrete piles. The roughness of the 
concrete was increased by the application immediately after 
removal from the curing tank of a thin film of slurry 
composed of coarse sand and rapid hardening cement. A final 
curing treatment involved a further period of 48 hours under 
damp hessian. 
4.2.2 Defects in model piles 
The defects studied in the experimental work were 
either discrete reductions in section (necks), increases in 
section (bulbs), or transverse cracks. The profile of each 
pile with a neck or bulb defect is shown in Fig. 4.2. The 
dimensions of all the defective piles are given in Table 
4.2. 
Defects within the steel model piles were limited to 
either a crack, represented by a cut at right angles to the 
axis of the pile, or more frequently, a neck formed by the 
removal of material by machining symmetrically about the 
centre-line of the pile. One of the steel piles 
(S1O) was 
formed with two neck defects at different positions on 
its 
length. This pile provided the opportunity of examining the 
dynamic characteristics of a pile with more than one defect. 
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It was impossible to remove material from the concrete 
specimens due to the brittleness of the material. No 
concrete piles with neck defects were cast due to the 
difficulty in ensuring continuity of the concrete in the 
region below the constriction. Consequently the defects 
studied in concrete piles were limited to bulbs and discrete 
cracks, which were represented by cuts at right-angles to 
the axis of the pile made with a diamond tipped saw. 
Concrete piles with defects in the form of bulbs were 
cast in moulds made from resin-impregnated fibre-glass mesh 
wrapped around a steel former identical to the concrete pile 
to be produced. The hardened moulds were carefully cut 
along their lengths into two halves, and the formers were 
removed. The ends of both sets of moulds were blocked by 
machined-flat end pieces arranged so that the concrete piles 
would have smooth end surfaces perpendicular to the axis of 
the pile. Special bolts similar to those described in 
Section 4.2.1 were cast into the piles to accommodate the 
attachment of the vibration transducers. Four model piles 
with large bulb defects at different positions along their 
lengths were cast from the same mix of concrete as that 
described in Section 4.2.1, and compacted and cured in 
identical conditions. 
The effect of an increase in the severity of damage was 
studied by the further removal of material 
from the steel 
piles with neck defects. In some cases a complete section 
of pile was removed to 
form a pile of reduced overall length 
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with a defect identical to that of the original. 
The bulb and neck defects were shaped so that the 
change in section was gradual. The surfaces of the 
transition sections between the normal pile diameter and 
that of the defect were at angles of about 45° to the axis 
of the pile as shown in Fig. 4.2. This design aided the 
smooth flow of stress through the defect, and it also helped 
to prevent the formation of cavities in the region of the 
defects during the installation of the piles in sand. 
The crack defects were formed by a single saw-cut into 
the cross-section of the pile as this was thought to 
represent best the type of crack damage that might be 
expected if an embedded vertical pile suffered a significant 
horizontal impact at the top of the pile. 
4.2.3 Pile identification 
Each model pile was given an identification code for 
ease of recognition. Uniform piles were indicated by a 
single letter (C - concrete, S- steel) followed by a 
number. Defective piles were given codes similar to those 
of uniform piles from which they were formed (where 
appropriate), followed by a letter representing the type of 
defect (N - neck, C- crack, B- bulb) and another number. 
This number indicated which defect was present. Hence, 
C2 = uniform concrete pile; 
SlN1 = steel pile with a neck defect, formed from S1; 
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C9B1 = concrete pile with a bulb defect. 
4.3 Sand handling and formation of uniform beds of sand 
4.3.1 Testing tank 
The tests on embedded model piles were performed in a 
tank comprising a steel structural hollow section (SHS) 
framework supporting 25 mm blockboard panels forming the 
base and sides of the tank. The internal dimensions of the 
tank were 1350 x 890 x 1330 mm deep. The two shorter sides 
of the tank were each made of nine horizontal blockboard 
strips 150 mm wide. The upper and lower edges of the strips 
were cut at an angle of 450 to the horizontal, thus causing 
any sand falling outside the internal plan dimensions of the 
tank during filling to be directed away from the tank. The 
horizontal strips at each end of the tank were removed each 
time the tank was empty and about to be filled. Both ends 
of each strip were located in position within vertical slots 
formed at the corners of the tank by two lengths of square 
section steel strip placed 25.5 mm apart, producing a slot 
slightly larger than the thickness of the blockboard. This 
allowed quick and simple construction of the sides of the 
tank. The strips were replaced consecutively as the level 
of the sand rose within the tank during filling. Care was 
taken during replacement to remove any loose sand from the 
upper and lower edges of the two adjacent blockboard strips 
thus eliminating the possibility of leakage of sand from 
within the tank. 
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The SHS framework was supported by six SHS columns each 
of which was located on top of a piece of rubber matting 
having very high vibrational damping properties, and resting 
on the floor of the laboratory. The rubber matting 
prevented external structural vibrations from disturbing the 
sand bed within the tank. 
Twelve 100 mm diameter holes were made in the 
blockboard base of the tank each with its own trapdoor. The 
trapdoors were hinged from underneath the base and opened 
downwards, thus providing a simple means of emptying the 
sand from the tank into a large lower collection hopper at 
the end of each test. The trapdoors were kept firmly closed 
during filling and subsequent testing of piles by means of 
pivoting steel keepers attached to the underside of the base 
of the tank. 
4.3.2 Hoppers and screw conveyor 
The lower hopper was supported on the laboratory floor 
by three SHS steel columns, and had a plan area of 2000 x 
1300 mm, thus allowing any overspill arising from the top of 
the tank during filling to fall into the lower hopper. The 
hopper, built mainly of 3 mm steel plates, was designed so 
that any sand within it would be directed towards the lowest 
point in the hopper where a 100 x 100 mm opening allowed the 
sand to enter the lower end of a 4500 mm high 200 mm 
diameter vertical screw conveyor. 
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The conveyor was free standing on the laboratory floor 
and thus the forces produced by its self-weight and contents 
were transmitted safely to earth through the conveyer 
casing. The upper and lower ends of the conveyor were 
restrained laterally by bolting to the upper and lower 
hoppers respectively. 
The screw conveyor was driven by a three phase 415 VAC 
electric motor rated at 3 HP, and rotated at a speed of 60 
Hz; final drive was achieved using a heavy duty chain and a 
set of toothed chain wheels. The delivery of the conveyor 
was approximately 3 tonnes of sand per hour. 
A gap of 6 mm was created between the outside edge of 
the internal rotating screw blade and the inside of the 
tubular outer casing so as to reduce any attrition of the 
sand that might result due to the cutting action of the 
rotating blade. 
On reaching the top of the conveyor the sand was 
directed through another opening into the upper hopper which 
was supported by bolted steelwork to the roof beams of the 
laboratory. 
The natural flow of sand from the opening in the upper 
hopper was down to a 800 x 40 mm horizontal opening at its 
lowest point. The flow of sand was controlled by a steel 
chute and a pivoting plate; the mating surfaces of each were 
machined to produce a perfectly flat surface finish thus 
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providing a very good seal and preventing any leakage of 
sand from the upper hopper. The pivoting plate was designed 
to move in a manner which closed the chute very quickly and 
prevented the sand from being trapped between the chute and 
the plate. This reduced any crushing of the sand occurring 
when the opening in the upper hopper was closed. In the 
process of filling the tank a quantity of sand was permitted 
to flow out of the upper hopper and into a sand spreader, 
which was positioned immediately beneath the steel chute of 
the hopper. 
4.3.3 Formation of sand beds 
A study of the methods used by previous researchers to 
create beds of sand with controlled porosities was presented 
by Maddocks (1978). It was found that a device similar to 
that first used by Andrawes (1970) incorporating a 
travelling sand spreader and a controlled flow of compressed 
air produced very good results with a high level of 
repeatability. An identical technique to that used by 
Maddocks was successfully applied in this experimental study 
to produce beds of sand with uniform porosities. 
The sand spreader was a 940 x 300 x 360 mm high plywood 
box very similar in general design to that used by Maddocks 
(1978), having a slit along its length through which sand 
could pass when fluidised by compressed air. The spreader 
was supported on a light steel framework trolley 
designed to 
move on four 90 mm diameter steel rimmed wheels running on 
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two 50 x 25 mm SHS steel rails 2400 mm long and 1200 mm 
horizontally apart, arranged to run parallel to the length 
of the tank. The rails were supported and restrained by 90 
x 90 mm SHS steel beams and columns bolted to the walls and 
floor of the laboratory. The extent of travel of the sand 
spreader was such that it was possible for it to be placed 
directly under the chute on the upper hopper and also 
allowed the sand curtain issuing from the spreader to move 
past the far end of the tank before returning. 
The trolley was pulled along the rails by a length of 
1.5 mm diameter steel cable attached under tension to 
turnbuckles on both the front and back of the trolley. The 
cable was wound three times around a 125 mm diameter 
aluminium screw capstan and partially around each of three 
100 mm diameter aluminium pulleys so as to produce a 
continuous link between the front and back of the trolley. 
The screw capstan provided the motive force to the trolley 
when driven by a worm-drive 60: 1 reduction gearbox and a 
direct current (d. c. ) electric motor rated at 1/4 HP. 
The d. c. motor was chosen as the prime mover as the 
motor speed and direction were easily controlled by 
variation of the armature current. The potential difference 
across the armature was kept at 50% (110 VDC) of the 
available maximum voltage. This reduced the effects of 
sparking and power surges which occurred when the rotation 
of the motor was reversed or stopped. Direct current 
electricity was obtained from a rectifier and rheostat 
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fitted with a slow-blow 2A fuse, the initial power coming 
from a standard single phase 240 VAC supply. 
The internal structure of the spreader (shown in Fig. 
4.3) was such that the compressed air entering the air 
chamber produced a uniform flow of air upwards through the 
composite mesh immediately below the slit in the side of the 
spreader. The upward flow of air caused the sand in that 
region to become fluid and to flow through the gap and out 
of the spreader. The flow of sand ceased when the 
compressed air flow was stopped as the sand was no longer in 
a fluidised state. 
The compressed air used to fluidise the sand 
immediately behind the slit in the spreader was supplied 
from an available source within the laboratory, through a 
series of steel, copper and flexible plastic pipes into the 
back of the spreader. The flow of air was controlled and 
monitored by an on/off tap, a regulating valve and a 
modified pressure gauge. All compressed air was filtered to 
remove any dust or foreign material prior to entering the 
system. 
The motion of the sand spreader and its supporting 
trolley repeatedly travelling at a velocity of 60 mm/s along 
the length of the testing tank caused the falling sand 
curtain to cover the whole of the plan area of the inside of 
the tank. The tank was filled only with sand falling 
directly from the spreader. Any sand falling outside the 
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internal dimensions of the tank (and therefore in danger of 
accumulating on the steel framework at the top of the tank 
and indirectly falling into it) was directed down the 
outside of the tank and into the lower hopper. This was 
achieved by a series of 65 mm high thin-sectioned vertical 
aluminium cut-off strips extending around the top of the 
tank, arranged so that the cut-off coincided with the 
internal tank dimensions. Sand accumulated in a heap on the 
top of the tank framework until the horizontal extent of the 
heap as determined by the angle of repose exceeded the width 
of the steel framework member and forced the excess sand to 
fall into the hopper. Loss of sand from the system was 
prevented by heavy duty flexible polythene screens arranged 
in positions slightly outside the range of travel of the 
spreader, hanging vertically from above the level of the 
slit in the spreader and extending into the lower hopper. 
4.3.4 Calibration of sand spreader device 
An examination was made of the relationship between the 
air flow to the spreader and the density of sand that 
it 
produced. An increase in the flow of air increased the 
flow 
of sand from the spreader and resulted in sand 
deposits of 
higher density than those experienced at lower flows, 
irrespective of the height of fall of the sand. 
Six tests were performed in order to determine the 
required compressed air flow for a given 
height of fall to 
obtain a sand bed of constant porosity 
throughout the depth 
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of the tank. Each test involved filling the testing tank 
with sand blown from the spreader at a constant air flow 
rate and placing 24 cylindrical density pots within the 
tank. The density pots were 76 mm high and had an internal 
diameter of 73 mm. Two density pots were placed on the 
rising surface of the sand at each of twelve levels 100 mm 
vertically apart. The pots were positioned along the major 
centre-line of the tank to reduce any effects arising from 
the proximity of the side of the tank. After completely 
filling the tank the sand was carefully removed and the 
density pots containing undisturbed sand were recovered. 
The sand in each of the pots was weighed and the average dry 
density of the sand at that level was determined. At a 
constant rate of air flow the density of sand increased with 
increasing height of fall from the spreader to the surface 
of the sand. This observation is similar to that made by 
Maddocks. The range of air flows within the practical 
measurement limits of the flow-meter was 110--250 1/min. The 
density of sand produced by these flows ranged between 
1542-1654 kg/m3 at the top of the tank and 1647-1707 kg/m3 
at the bottom of the tank. Therefore the available working 
range of uniform densities throughout the depth of the tank 
was 1647-1654 kg/m3, although it may have been possible to 
modify or extend this range by changing the horizontal speed 
of the sand spreader. 
The target uniform density of sand used in the 
vibration tests on piles was chosen as 
1650 kg/m3 
corresponding to a voids ratio of 0.60 and a porosity of 
4.15 - 
0.38. Samples of sand at this density were tested in a 
standard shear box test and were found to dilate when 
sheared to failure. This implied that the value of 1650 
kg/rn 3 was above the critical density of the sand, and that 
the sand at that density was not liable to suffer volume 
reduction and corresponding changes in mechanical properties 
under the action of small amplitude vibrations. 
The air flows required to obtain sand beds at a density 
of 1650 kg/m3 at any given depth within the tank were 
determined by interpolation from the previous six test 
results. The curve representing the calibration of the air 
flow to the height of fall of the sand for a target density 
of 1650 kg/m3 is presented in Fig. 4.4. 
Three tests were conducted to check the calibration of 
the spreader. Each test involved filling the tank using air 
flows as predicted by the calibration curve and the height 
of fall to obtain the target density. Density pots were 
placed at twelve levels within the sand and carefully 
recovered after filling was completed. Twenty four densities 
from each of the three tests were determined and all were 
found to be very near the target density. The mean density 
of the seventy two results was 1648 kg/m3 and the standard 
deviation was 7.4 kg/m3 (0.4%). The maximum deviation from 
the target density was 35.0 kg/m3 (2.1%). No significant 
density variation was observed due to the horizontal 
position of the density pots. 
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In the early vibration tests on embedded piles 
cylindrical sand collectors having the same diameter as the 
pile shaft were placed on the top of the pile to collect the 
sand falling on the plan area of the pile. The accumulated 
sand had to be emptied at frequent intervals which added 
considerably to the length of time taken to fill the tank. 
Two sets of identical vibration tests were performed on each 
of three model piles. One set of tests was conducted on 
piles placed with the collectors in position and frequently 
emptied, the other set on piles placed without the 
collectors. It was found that there was no noticeable 
difference in the vibration characteristics of the piles 
with or without the collectors and the practice of using the 
collectors was subsequently stopped. 
Finally a check on the calibration of air flow to 
height of fall of the sand was made towards the end of the 
experimental work. It revealed that the spreader continued 
to produce sand densities at air flows and heights of fall 
consistent with those determined during the initial 
calibration. 
4.4 Vibration equipment and instrumentation 
The electronic instrumentation and dynamic testing 
equipment were very similar for the vibration 
tests on the 
piles both in air and in sand. A block 
diagram of the 
instrumentation is presented in Fig. 4.5. The main 
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difference between the two types of test was in the 
arrangement of the pile and the exciting mechanism. 
The tests in air were performed on piles supported in a 
horizontal position by nylon monafilament slings at points 
about 100 mm from each end of the pile. An electrodynamic 
vibrator was mounted horizontally on a heavy steel block for 
rigidity and stability. The axis of the pile under test was 
carefully aligned with that of the armature of the vibrator. 
The excitation force was transmitted from the vibrator 
through a special mechanical connector to a piezo-electric 
force transducer and thence to the end of the bar. The 
connecting link had a high axial stiffness but very low 
flexural and torsional stiffnesses. It acted as a safeguard 
to prevent any misalignment or sudden transverse loads from 
causing damage to the delicate armature of the vibrator or 
to the piezo-electric crystals within the force transducer. 
The force transducer was mounted directly onto the end of 
the pile and measured the dynamic force transmitted to the 
pile. 
The tests on embedded piles were performed with the 
vibrator mounted independently in a vertical position 
immediately above the pile under test as shown in Fig. 4.6. 
The special connecting link and force transducer were used 
to transmit and record the dynamic force acting on the pile. 
The micro-computer, which had an IEEE-488 interface 
facility, was programmed to control and monitor the 
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vibration of the model piles. The bi-directional interface 
provided a means of transmitting digital electronic signals 
between the micro-computer and its major peripherals. The 
operating modes of the devices linked to the interface were 
controlled in accordance with commands originating within 
the computer program. Numerical values of the amplitudes of 
electrical analogue signals were determined by a digital 
voltmeter and transmitted to the micro-computer in response 
to requests for input data from the computer program. 
A steady sinusoidal signal of pre-determined amplitude 
and frequency was produced by a synthesiser/function 
generator. This low-power (voltage) signal was amplified by 
a power amplifier to provide a high-power (current) signal 
capable of driving the electrodynamic vibrator. 
The amplitudes of applied dynamic force and dynamic 
displacement at the top of the pile were required in order 
to calculate the direct receptance of the pile. However, 
preliminary tests indicated that the amplitude of the 
displacement at the top of the pile could not be measured 
directly since the amplitude was very small (<0.0005 mm in 
fully embedded model piles (see Section 4.5.3)) and no 
suitable measuring device was available. Therefore the 
sinusoidal response of the pile under test was detected by 
means of a piezo-electric accelerometer mounted at its 
driven end, and the dynamic displacement was calculated by 
integration with respect to time. 
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Each of the low-power (charge) signals from the force 
and acceleration transducers was amplified by separate but 
similar charge amplifiers. In both cases the transducer, 
charge amplifier and connecting cable were calibrated as a 
unit at the start and on several occasions throughout the 
experimental work. 
The r. m. s. amplitudes of each amplified signal were 
measured by the digital voltmeter after selection of the 
appropriate channel on the scanner. 
The phase angle between the amplified force signal 
(which was used as the reference) and the acceleration. 
signal was measured to within an accuracy of 10 by a digital 
phase meter. The magnitude of the phase angle was recorded 
by the digital voltmeter via a d. c. output signal from the 
phase meter, the amplitude of which was directly 
proportional to the phase angle. 
An oscilliscope was used to monitor visually the 
waveforms arising from the vibration transducers. Any 
distortion of the sinusoidal signals was immediately 
observed and remedial action was taken as soon as the cause 
of the distortion was identified. 
It was shown by Adams and Coppendale (1976) that the 
resonant frequencies of a structure are influenced by its 
temperature. The effect of a change in temperature is 
described in Section 4.5.2. Therefore, the temperature of 
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each pile was measured at the start and finish of each test 
by a copper/constantan thermocouple attached to the pile by 
a small piece of adhesive tape. The tape completely covered 
the exposed end of the thermocouple and prevented air 
currents from adversely affecting the sensor. The cold 
junction of the thermocouple was made inside a semi-sealed 
module within the scanner. A thermistor was used to 
determine the ambient temperature within the module and 
hence to provide the reference temperature. The small 
potential difference produced by the difference of the 
temperatures of the thermocouple junctions was measured by 
the digital voltmeter. The temperature of the pile was 
calculated by applying the measured resistance of the 
thermistor and the potential difference between the 
thermocouple junctions to pre-determined calibration curves. 
The strain mode shapes developed in resonant axial 
vibration of two model piles, (one concrete (Cl), the other 
steel (S2)) were studied in detail. Eleven piezo-electric 
strain gauges were mounted at equi-distant points along the 
length of each pile. The orientation of the gauges was such 
that the longitudinal strains developed. during vibration 
were measured. Piezo-electric strain gauges were chosen 
because of their high sensitivity to strain, which is about 
10,000 times greater than that of normal piezo-resistive 
strain gauges. A piezo-electric strain gauge produces a 
small electrical charge when subjected to strain. The 
amount of charge produced is directly proportional to 
the 
strain amplitude (within the linear range of the gauge). 
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The signals from each of the gauges were each amplified in 
turn using a precision charge amplifier. The output from the 
amplifier was a signal whose amplitude was directly related 
to the amplitude of strain recorded by the gauge. The 
strain amplitudes and phase relative to the driving force 
were determined in a similar manner to that used to record 
the accelerometer signals. 
The strain gauges on each pile were calibrated in-situ 
to reduce the effects of errors made in the alignment or the 
attachment of the gauges to the pile. Each pile was 
vibrated in its first mode of resonant axial vibration in 
air. Measurements were made of the amplified signals from 
all the strain gauges. The amplitude of displacement at the 
end of the pile was calculated using measured values of 
acceleration and frequency of excitation. The amplitude of 
dynamic displacement, w(z), at any point z along the pile 
was assumed to be expressed by 
w(z) = woCos( . rz/L) .... Eqn. 4.4.1 
where w0= amplitude of displacement at the point of 
excitation. 
Hence the amplitude of axial strain (aw/az) is given by 
(aw/az) =- (Trwo/L)sin(Trz/L) .... Eqn. 4.4.2 
Thus it was possible to determine the amplitudes of 
dynamic axial strain at the positions of all of the strain 
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gauges in the first mode of resonant axial vibration. The 
calibration factor (CF) of each gauge was determined using 
the expression 
amplitude of axial strain at the gauge position (CF) = 
amplitude of signal from the charge amplifier 
.... Eqn. 4.4.3 
The gain of the amplifier was recorded so that further 
amplification of the signals could be accommodated without 
the need for repeating the calibration process. 
4.5 Test procedure and schedule 
A standard procedure was adopted for the vibration 
tests of the piles both in air and in sand. The object of 
each test was to determine the experimental values of 
resonant frequencies, amplitudes of receptance at resonance, 
and specific damping capacities of each pile for each of its 
first three modes of resonant axial vibration. These 
quantities are defined in Section 2.2.3. 
4.5.1 Test method 
The test procedure was as follows: 
i) a quick preliminary test was performed without computer 
control of the instrumentation to locate approximately the 
first three axial resonant frequencies of the system under 
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test. Resonance was defined in the first instance as the 
frequency at which the phase difference between the 
applied force and acceleration response was 900; 
ii) an initial frequency of excitation was selected and 
the micro-computer instructed to control and monitor the 
vibration of the pile. A steady sinusoidal force at the 
initial frequency was used to excite the structure. The 
value of this initial frequency was either: 
a) about 250 Hz lower than the appropriate resonant 
frequency found in i) for embedded piles; or 
b) about 100 Hz lower than the appropriate resonant 
frequency for piles in air; 
iii) the vibrations were allowed to become steady before 
any readings were taken. The optimum settling time for 
all the vibration tests was found to be 15 seconds. 
Shorter settling times than the optimum values produced 
inconsistent results. Longer settling times than the 
optimum values meant that the experiments took longer to 
complete than was necessary; 
iv) the amplitudes of the acceleration and force signals 
were measured by the digital voltmeter after first 
selecting the appropriate channels of the scanner. The 
amplitude of dynamic displacement at the top of the pile 
was calculated by the micro-computer and the corresponding 
direct receptance of the pile was determined; 
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v) the phase angle between the force and the acceleration 
signals was measured by the phase meter and the value 
recorded by the micro-computer using the scanner and the 
digital voltmeter; 
vi) the values of excitation frequency, mechanical 
receptance and phase angle were printed as a permanent 
record by the printer; 
vii) the frequency of excitation was increased by an 
incremental value, f'. Consistent results were obtained 
for f' =1 Hz for piles in air and f' =5 Hz for embedded 
piles. The overall damping present in the embedded piles 
produced only a very gradual change in receptance as the 
frequency of excitation passed through resonance and 
therefore the duration of the vibration tests was reduced 
by increasing the size of the increments in the frequency 
of excitation; 
viii) the dynamic characteristics of the pile were 
determined by examination of the data output from the 
printer after sufficient frequency intervals had been 
added to the initial frequency. The resonant frequencies 
of the piles were adjusted throughout the experimental 
vibration tests to correspond to a convenient standard 
temperature of 150C. 
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4.5.2 Tests on uniform piles 
In the majority of cases the piles were embedded in 
sand immediately after being tested in air. The piles were 
tested as soon as possible after installation in the sand. 
As a consequence any material changes in the concrete piles 
occurring due to ageing were kept to an absolute minimum. 
A variety of pile lengths and diameters was 
investigated in the tests on steel piles. Details of the 
dimensions and material properties of each pile are 
presented in Table 4.1. Several of the concrete piles were 
very similar and the results from these tests provided 
information about the amount of experimental scatter that 
may be encountered when testing concrete piles (see Section 
6.1.1.1). 
The volumes of the steel piles were calculated from the 
length and diameter of each pile prior to the manufacture of 
any of the defects. The volumes of the straight-shafted 
concrete piles were found by measuring the volume of water 
displaced when the piles were totally immersed for a very 
brief period in a water bath. This was necessary as an 
accurate direct measurement of the diameters of the concrete 
piles was not possible owing to the roughness of the 
concrete surface. The densities of the pile materials were 
calculated using the volumes and their masses determined by 
direct weighing. 
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The dynamic values of Young's modulus, E, were 
calculated as the mean value of the results produced by 
substituting each of the first three axial resonant 
frequencies of the individual uniform piles in air using the 
expression 
E=p{ (2f1L)/Cn(1-(O. 5vnyr/L)2 )3}2 .... Eqn. 4.5.1 
which is a rearranged form of Eqn. 2.2.1 and where the 
symbols are defined in Section 2.2.1. 
The values of the densities and dynamic moduli of the 
pile materials were known characteristically to be 
influenced by a change in temperature. Consequently the 
resonant frequencies of all the piles were subject to change 
with temperature. Adams and Coppendale (1976) demonstrated 
that the change in the nth. axial resonant frequency, Afn , 
was related to the change in temperature, by the expression 
Afn = O. 5fn(a '- a") AO .... Eqn. 4.5.2 
where pf and f are measured in Hz; 
pe = change in temperature (°C); 
a' = coefficient of linear expansion of the material; 
a" = thermal elastic modulus coefficient 
defined by 
the relationship 
a I' _- AE/E x Qe .... 
Eqn. 4.5.3 
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where AE is the change in dynamic modulus of elasticity for a 
small change in temperature A6 (°C). 
Values of a' and a" for steel and concrete are given in 
Table 4.3 together with the source of reference. The 
appropriate values were used in Eqn. 4.5.2 to adjust the 
resonant frequencies of all the piles throughout the 
experimental work to correspond to a convenient standard 
temperature of 15°C. During the course of the experiments 
the air temperature in the laboratory was observed using a 
mercury thermometer. The range of observed air temperatures 
varied between 12-17°C. Consequently the maximum frequency 
adjustment for temperature variation was about 0.1% or about 
10 Hz in the case of the third resonant frequency of one of 
the shorter steel piles. 
The measured values (after temperature adjustment) of 
the dynamic characteristics of the uniform model piles 
determined in air are presented in Table 4.4 and the 
corresponding values of the fully embedded piles are 
presented in Table 4.5. The changes in the axial resonant 
frequencies of the embedded piles expressed as percentages 
of the corresponding resonant frequency in air are presented. 
in parentheses in Table 4.5, and these and the other 
dynamic 
characteristics of the embedded piles are 
discussed in 
Section 6.2.1. 
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4.5.3 Effect of the amplitude of vibration 
Numerous tests were performed on concrete and steel 
model piles both in air and in sand to determine the effect 
of the amplitude of vibration on the dynamic characteristics 
of the piles. The piles were each excited at their resonant 
axial frequencies. The amplitude of the applied force was 
varied by changing the gain of the power amplifier. The 
range of the amplitude of the force was varied between about 
2 and 35 N, since this represented the effective range of 
the amplifier and vibrator. The direct receptance of the 
pile was determined at each amplitude of force. No change 
in the value of receptance was produced by a change in force 
amplitude within the range studied. It was concluded that 
the receptance of a given pile at a pre-determined frequency 
was constant within the range of level of excitations 
experienced during the vibration tests on model piles. 
The maximum amplitude of axial displacement at the 
driven end of a model pile in air was calculated from 
corresponding values of amplitudes of receptance at 
resonance and applied force to be approximately 0.004 mm 
(Si, N=l). The maximum axial. displacement at the top of an 
embedded pile was calculated. to be 0.0005mm (C5, N=1). 
4.5.4 Influence of material of low stiffness beneath the 
pile tip 
The dynamic effect of the stiffness of the material 
immediately below the base of the pile was examined. A 
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concrete pile (C2) was tested in air and sand before a 50 mm 
diameter 55 mm high circular core of very soft foam rubber 
was cemented to its base with rapid-hardening epoxy resin. 
The vibration tests were repeated after the resin had 
hardened and the results were compared to those obtained 
prior to the addition of the foam rubber. The results are 
presented in Table 4.6, and are discussed in Section 
6.2.1.5. 
4.5.5 Influence of surface roughness of pile 
The influence of the roughness of the embedded surfaces 
of the pile on its dynamic characteristics was investigated. 
A smooth steel pile (S5) was tested both in air and in sand 
before being treated with a uniform thin film of fibre-glass 
resin. Sand from the testing tank was sprinkled evenly onto 
the wet resin, which was then allowed to harden. The curved 
surface and lower end of the pile received a uniform coating 
of sand, thus producing a surface roughness comparable to 
that of sand. The pile was tested again both in air and in 
sand. The results of the tests are given in Table 4.7 where 
a comparison can be made to determine the effect of the 
surface roughness of the pile. The results are discussed in 
Section 6.2.1.6. 
4.5.6 Influence of depth of embedment 
The effects of different levels of embedment on the 
dynamic behaviour of the two piles with strain gauges were 
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studied. Insufficient support for the piles meant that no 
tests could be performed in cases where less than about 15° 
of the pile was embedded. The axial strain mode shapes 
together with the variations in axial strain phase angle 
were determined for the first three modes of resonant axial 
vibration of both piles in air and at 25%, 50%, 75% and 100% 
embedment. Little variation was observed in the appearance 
of the mode shapes obtained at the various levels of 
embedment. The axial strain mode shapes of the following 
piles are presented: 
Fig. 4.7 concrete model pile (Cl) in air; 




steel model pile (S2) in air; 
II II IS II IS II 
SI IS II SI I1 II 
" fully embedded; 
50% 
Figs. 4.12-4.16 illustrate the corresponding variations in 
axial strain phase angle in the first three modes of 
resonant axial vibration of the piles. 
The axial resonant frequencies, amplitudes of 
receptance at resonance and specific damping capacities of 
the two piles were determined in the above situations and 
also at a number of intermediate depths of embedment. 
are illustrated in Figs. 4.17,4.18 and 4.19 and may be 
compared with the predicted variation of dynamic 
characteristics of theoretical model piles in similar 
conditions (see Figs. 2.16,2.17 and 2.18). 
These 
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4.5.7 Tests on defective piles 
After testing uniform model piles in air and in sand to 
establish the effects of embedment, similar tests were 
performed on defective model piles The tests, both in air 
and in sand, were held to investigate the dynamic behaviour 
of the defective piles and to determine the effect of 
structural discontinuities or defects on their dynamic 
characteristics. Neck, bulb and crack defects were studied, 
and details of the various piles and their defects are given 
in Table 4.2. The manufacture of the defects is described 
in Section 4.2.2. Generally only one defect was present in 
any one pile although a small number of tests was performed 
in air on steel piles with two neck defects. The results of 
the vibration tests on the piles with defects are presented 
in Table 4.8. These tests provided the necessary 
information required to examine the validity and accuracy of 
the theories derived in Chapter 2 for evaluating defects. 
The results from the tests described above are 
discussed in Sections 6.3 and 6.4. 
4.6 Summary 
The manufacture of model piles has been described 
together with methods of forming defects within each type of 
pile. A technique of forming uniform beds of dry sand at 
controlled densities has been presented. A method of 
controlling the amplitude and frequency of excitation of 
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model piles both in air and sand has been described together 
with a procedure of determining the axial resonant 
frequencies and other dynamic characteristics of the model 
piles. The influences of the amplitude of vibration, the 
soil stiffness below the pile tip, the roughness of the 
surface of the pile, the depth of embedment and the presence 
of defects on the dynamic characteristics of model piles 
have been examined . 
I 
Fýslý r 
Of BRIS oý 
CHAPTER 5 DEFECT LOCATION AND EVALUATION USING EXPERIMENTAL 
RESULTS 
The predicted dynamic behaviour of embedded model piles 
and bars in air subjected to resonant axial vibration has 
been described in Chapter 2. The theories of determining 
the position and extent of defects within bars and piles 
have also been presented and the practical application of 
these theories is described below. 
5.1 Solution procedure for piles with neck or bulb 
defects 
The determination of the position and extent of a neck 
defect within an embedded pile is presented although the 
same technique can be used to evaluate bulb defects. Neck 
and bulb defects in bars in air can be assessed using the 
same procedure and the appropriate formulae derived in 
Chapter 2. 
In Section 2.6, Eqn. 2.6.8 gives 
(A2/Al )=- (bi-bi ) /(ai-ai ) for i/j (Method 1) 
and Eqn. 2.6.9 gives 
4aici )2 J/(2ai) (A2/p1) [-bi± (bi2- 
1 
for all i (Method 2) 
where the expressions for a i, bi, ci are given after 
Eqn. 
2.7.8 for embedded piles and after Eqn. 2.6.4 for 
bars in air. 
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It is assumed that the nominal length, diameter and 
material properties of the pile and the dynamic properties 
of the soil are known. In real situations the latter 
information could be determined from tests on samples of 
concrete and soil taken from the site of the pile. After 
the resonant frequencies of the pile u 
determined (as described in Chapter 4) 
contain only three unknown quantities, 
represent the length of the upper pile 
length and cross-sectional area of the 
The length of the lowest pile section, 
L3 = L-L1-L 2. 
nder test have been 
the above expressions 
Ll, L2 and A?. These 
section, and the 
defect, respectively. 
L 3, is given by 
.... Eqn. 5.1.1 
Using Method 1 (Eqn. 2.6.8) it is possible to calculate 
a value of (A2/Al) using two resonant frequencies and 
assumed values of Ll and L2. A large number of (A2/Al) 
values can be calculated using the same two resonant 
frequencies, but different values of L1 and L2. Further sets 
of values of (A2/Al) can be found by using different 
combinations of resonant frequencies. If values of Ll and L2 
can be found which produce a single value of (A2/Al) 
regardless of which combination of resonant frequencies is 
used, then the values of Ll, L2 and (A2/Al) are possible 
solutions to the values within the real pile. This is best 
illustrated by adopting the following procedure: 
i) assume an initial value of L2 (say 2% of the overall 
length of the pile); 
ii) assume an initial value of L1 (say 1% of the overall 
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length of the pile); 
iii) calculate (A9/Al) using the first and second resonant 
frequencies and Eqn. 2.6.8 (Method 1); 
iv) increase the value of Ll by a small increment (say 1% 
of the overall pile length) and repeat step iii) using the 
same two resonant frequencies; 
v) repeat step iv) until L1+ L2= O. 99L and plot the values 
of (A2/Al) against (L1+O. 5L2). The latter expression 
represents the distance of the centroid of the defect from 
the top of the pile; 
vi) repeat steps ii)-v) using the second and third 
resonant frequencies, and plot (A2/Al) against (Ll +O. 5L2 ) 
on the same set of axes as in step iv); 
vii) repeat step vi) using the first and third resonant 
frequencies; 
viii) consider the three curves produced by the three 
combinations of resonant frequencies. If all three curves 
meet at a point then the values of Ll, L2 and (A2/Al) are 
possible values of the unknown quantities in the real 
pile; 
ix) if the three curves do not meet at any point on the 
graph then a new value of L2 (say 4% of the overall pile 
length) is assumed and the process repeated from step ii). 
Visual inspection and interpretation of the results is 
necessary since a point of intersection is not always 
immediately apparent (see Fig. 5.1). The loss of definition 
in locating the point of intersection may be the result of: 
i) a small difference (less than 1.0% of the length of the 
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pile) between the real and assumed values of L2; 
ii) inaccuracies arising from the assumptions of the model 
comprising three sections of pile (see Section 2.5). The 
change in pile diameter from that of its shaft to that of 
the defect was assumed to occur within an infinitesimal 
length. The transition between the two diameters of a 
prototype defective pile might be expected to be more 
gradual; 
iii) inaccurate determination of the axial resonant 
frequencies of the pile, or the material properties of the 
soil and the pile. 
Human intelligence and experience are capable of making 
adjustments for small losses in definition in identifying 
the point of intersection of the curves caused by any of the 
above errors, provided that the inaccuracies are small. The 
curves produced by successive values of L2 may be compared 
in order to identify any common trends. Interpretation of 
the curves by computer is possible but would be a very 
complex operation. The flexibility required within a 
computer program to accommodate all possible combinations of 
inaccuracies would be excessive and would entail prohibitive 
computing costs. Justification of such an additional 
computational effort is difficult when the manual 
interpretation of the curves is relatively straightforward. 
Once a point has been identified where all three curves 
meet, the values of L1, L2 and (A2/Al) can be verified using 
Method 2 (Eqn. 2.6.9). Steps ii)-viii) are repeated using 
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the value of L2 suggested by the latest trial using Method 
1. Method 2 produces six curves for a given value of L2 
since two curves are produced by each resonant frequency of 
the pile. Thus the graphs produced by Method 2 are more 
complex and generally more difficult to interpret than those 
produced by Method 1. Hence it is suggested that Method 2 
should generally be used as a check for the solutions found 
by Method 1. Inspection of the graph produced by Method 2 
at the coordinates of the defect [ (A2/A 1) , 
(L1+0.5L 
2) ] 
suggested by Method 1 will confirm the solution if there is 
an intersection of any three of the six curves close to that 
point. If the curves do not intersect and give no 
indication of an intersection, then the values of Ll, L2 and 
(A2/A 1) suggested by Method 1 can be rejected. 
Two values of Ll are predicted which correspond to 
identical values of (A2/Al) and L2 by both Method 1 and 
Method 2 for a given defective bar in air. The two values 
of Ll are equidistant from the mid-point of the bar, due to 
the symmetry of the bar in terms of resonant frequency (see 
Fig. 2.9(c). The two bars shown in Fig. 2.9(c) have the 
same axial resonant frequencies and basic shape but the 
values of L1 and L3 are apparently different in each case. 
In embedded piles the presence of the soil may be sufficient 
to upset this symmetry although this will largely depend 
upon the relative stiffness of the soil and pile material. 
Stiff soils and situations where the soil properties vary to 
a significant degree with depth may be expected to have a 
greater influence on the axial. symmetry of a pile than 
that 
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exhibited by a weak soil. 
The predicted amplitudes of receptance at resonance of 
each of the two suggested pile geometries may be calculated 
at each of its three axial resonant frequencies using the 
visco-elastic soil model described in Section 2.4.3. The 
measured and predicted amplitudes of receptance in 
corresponding modes of resonant axial vibration may then be 
compared. A close correlation between the measured values 
of receptance and one set of predicted values would. indicate 
which of the two suggested positions of the defect is its 
real position. 
Neck defects are indicated by a value of (A2/Al) 
greater than 0 but less than 1, and bulb defects by a value 
of (A2/A 1) greater than 1. A pile with no defect would 
produce results which appear in the graphs as straight lines 
corresponding to (A2/A 1) =1 using 
both Methods 1 and 2. 
A worked example of the technique decribed above which 
relates to the S1N2 pile (see Table 4.2) embedded in dry 
sand is presented in Appendix 3. 
5.2 Solution procedure for crack defects 
The determination of the position and extent of a crack 
defect within an embedded pile is presented although the 
same technique can be used to evaluate similar 
defects in 
bars in air. 
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In Section 2.8, which relates to cracks within embedded 
piles, Eqn. 2.8.7 gives 
EA cot (X L1) cot (X *L 2) 1+ [cot (X *L2) ]2 
K Ai a2 S "EAX -A 2cot ( X2L2 ) 
and Eqn. 2.8.2 gives 
(EA/K) = [cot(A L1)/X] + {cot[A (L-L1)]// 1 
relating to the resonant vibration of cracked bars in air. 
Again, as in Section 5.1 it is assumed that the nominal 
length, diameter and material properties of the pile and the 
dynamic properties of the soil are known. After the 
resonant frequencies of the pile under test have been 
determined (as described in Chapter A) the above expressions 
contain only two unknown quantities, L land K. These are 
the length of the upper pile section and the spring constant 
of the defect, respectively. 
There is only one method of solution to Eqns. 2.8.2 and 
2.8.7. Values of (EA/K) were calculated using each resonant 
frequency in turn while the assumed value of Ll is varied 
over a range of values from Ll = O. O1L to L1 = O. 99L. 
Increments of 0.01% of the overall pile length are 
sufficient to allow accurate interpolation between the 
chosen points. Hence a large number of (EA/K) values were 
calculated using the different values of L 1. Further sets 
of values of (EA/K) can be found by using other resonant 
frequencies. If a value of L1 can be found which produces a 
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single value of (EA/K) regardless of which resonant 
frequency is used, then the values of LI and (EA/K) 
represent possible values within the real pile. This may be 
illustrated by adopting a similar procedure to that 
described in Section 5.1 and that used by Adams et al. 
(1978): 
i) assume an initial value of L1 (say 1% of the overall 
length of the pile); 
ii) calculate (EA/K) using the first axial. resonant 
frequency and Eqn. 2.8.7; 
iii) increase the value of L1, by a small increment (say 
1% of the overall pile length) and repeat step ii) using 
the same resonant frequency; 
iv) repeat step iii) until L1=O. 99L and plot the values 
of (EA/K) against (L1). The latter expression represents 
the distance of the crack from the top of the pile; 
v) repeat steps i)-iv) using the second resonant 
frequency, and plot (EA/K. ) against (L1) on the same set of 
axes as in step iv); 
vi) repeat step v) using the third resonant frequency; 
vii) consider the three curves produced by the three 
resonant frequencies. If all three curves meet at a point 
then the values of 11 and (EA/K) are possible values of 
the unknown quantities in the real pile. 
A. visual inspection of the results is made to locate 
the intersection of the curves rather than a computer 
search. The reasons for adopting manual interpretation of 
the results are described in Section 5.1. 
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As with bars with neck and bulb defects in air, two 
positions of defect within a given cracked pile in air are 
predicted which correspond to identical values of (EA/K). 
The two suggested positions of the crack are equidistant 
from the mid-point of the bar, due to the symmetry of the 
bar in terms of resonant frequency as was demonstrated in 
Section 5.1 for pile with a neck or bulb defect. The 
presence of the soil supporting an embedded pile with a 
crack may be sufficient to disturb the symmetry, although 
this will largely depend upon the material properties of the 
pile and the soil and the variation in soil properties at 
points excited by the pile. 
5.3 Application of theory to experimental results 
The theory of evaluating defects was applied to the 
results of the experimental tests performed on the defective 
model piles. The axial resonant frequencies were used to 
calculate the appropriate expressions given by: 
Eqn. 2.6.4 for piles with neck or bulb defects in air; 
Eqn. 2.7.8 " go 11 it It It 19 of in sand; 
Eqn. 2. 8.2 for piles with crack defects in air; 
Eqn. 2. 8.7 
"" it " to " in sand. 
Two computer programs were written to perform all the 
necessary calculations and to produce the results in a 
graphical form. One program was developed to examine piles 
with a neck or a bulb defect; the other to examine cracked 
piles. Both programs were sufficiently versatile 
to analyse 
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the results of tests performed on piles both in air and in 
sand. The computer programs required the nominal 
dimensions, material properties and conditions of embedment 
of each pile subject to analysis as essential input data. 
It was assumed in the analysis that the type of defect, 
i. e. whether the defect was a crack or a neck or bulb, was 
already known. Hence the method of analysis appropriate to 
the type of defect was applied in each case. The choice as 
to which method of analysis should be used on a real suspect 
pile is outlined in Section 6.4.2. 
The values of L1 and L2 were regarded as a percentage 
of the overall length of the pile; the value of A2 was 
assumed to be an unknown multiple (or fraction) of Al. 
These simplifications removed the immediate significance of 
the nominal dimensions of the pile and considerably eased 
the process of solution. 
In considering a pile with a neck or bulb defect, it 
was assumed that the length of the defect was not known. A 
number of trial values were investigated and the 
corresponding sets of graphical results were examined. The 
analysis was repeated until an assumed length of defect was 
found which produced consistent results from the two methods 
of defect location (i. e. both methods predicted similar 
sizes and positions of the defect). A selection of the 
final results which illustrate the accuracy of the technique 
are presented in Figs. 5.1-5.5 for the piles in air and 
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Figs. 5.6-5.9 for the embedded piles. The figures showing 
the results from Method 1 are subscripted "A" and those from 
Method 2 have subscripts "B". The figures are arranged so 
that the results relating to a particular pile using Method 
1 are on the left-hand page and those obtained from Method 2 
are on the adjacent right-hand page. This facilitates 
comparison between the two sets of results. The real 
position and value of (A2/Al) of each defect is indicated by 
an asterisk "*" in each case thus enabling a simple 
comparison to be made between the real and predicted defect 
characteristics. A sketch of the defective pile is given 
adjacent to each of the graphs for ease of reference. 
The following graphical results are presented: 
Fig. 5.1 relating to S8N1 in air; 
Fig. 5.2 " 11 
Fig. 5.3 11 It 
Fig. 5.4 11 11 





If S1N2 11 " 
11 S2N1 "" 
11 C9B1 11 11 " 
11 S 1ON 3 11 "; 
"" S8N1 in sand; 
" 91 IS S1N1 11 "" 
of It " S1N2 """ 
IS IS 11 C11B1 It of 
The presentation of the results relating to the piles 
with crack defects is less complex than 
that which 
illustrates a pile with a bulb or neck defect. A single 
graph is sufficient to show 
the predicted position of the 
crack. The following results are 
presented: 
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Fig. 5.10 relating to C4C2 in air; 
Fig. 5.11 11 It It S1C1 in sand; 
Fig. 5.12 It it " C3C1 in sand. 
Further analyses were performed to determine the 
predicted amplitudes of receptance at resonance of the piles 
with neck or bulb defects using the values of pile and 
defect dimensions suggested by the techniques described in 
Section 5.1. These analyses were very similar to those 
described in Section 2.4.3.3 for embedded uniform piles. In 
view of the gradual change in section at the real defect, 
the length of the defect used in this analysis was assumed 
to be its mean length. The assumed value of cross-sectional 
area of a neck defect was taken as its minimum value while 
that of a bulb defect was taken as its maximum value. The 
predicted amplitudes of receptance at resonance within the 
piles both in air and in sand are presented in Table 5.1, 
and can be compared with the corresponding measured values 
presented in Table 4.8(b) determined from vibration tests on 
the defective model piles. 
Finally, a summary of the predicted characteristics of 
the defects is presented in Table 5.2 together with the 
corresponding measured values. 
5.4 Summary 
The procedures of applying experimental results of 
vibration tests of defective model piles 
both in air and in 
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sand have been described for evaluating neck, bulb and crack 
defects within the piles. The results of the tests on 
defective piles described in Section 4.5.7 have been 
analysed and the predicted position and sizes of defects 
were determined and illustrated in graphical form. The 
predicted amplitudes of receptance at resonance of the 
defective model piles with neck or bulb defects were 
determined in the first three modes of resonant axial. 
vibration. 
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CHAPTER 6 DISCUSSION OF EXPERIMENTAL AND THEORETICAL 
RESULTS 
6.1 Dynamic characteristics of uniform model piles in air 
6.1.1 Experimental results 
The axial resonant frequencies, amplitudes of 
receptance at resonance and specific damping capacities 
(SDC) of the uniform concrete and steel model piles which 
were determined from the vibration tests in air are 
presented in Table 4.4. 
The amplitude of receptance of each pile was observed 
to increase as the frequency of excitation approached a 
given axial resonant frequency of that pile. The 
sensitivity of the instrumentation was such that no 
difficulty was experienced in obtaining the values of axial 
resonant frequencies of a given pile from the printed 
results of the vibration tests, as described in Section 
4.5.2. The axial resonant frequencies were determined to 
within an accuracy of 1 Hz, which corresponded to about 
0.05% of the first axial resonant frequency of a concrete 
model pile. 
Repeatable values of the amplitude of receptance at 
resonance of the concrete piles were obtained with ease from 
the results of the vibration tests. However, major 
difficulty was experienced in obtaining repeatable values of 
the amplitude of receptance at resonance of the steel piles 
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in air as large changes in receptance occurred when small 
changes (1 Hz) were ma. d. e to the frequency of excitation 
close to resonance. The magnitude of the change in 
receptance for a given change in the frequency of excitation 
decreased in higher modes of vibration since this 
represented a smaller percentage change in frequency in the 
higher modes. The values of receptance at resonance of the 
steel piles given in Table 4.4 are mean values determined 
from the results of five identical tests. The maximum 
amplitude of receptance at resonance within a steel pile 
(S4) was determined as 3.76x106, while that within a 
concrete pile (Cl) was 4.03x10-7. Both values were 
determined. in the first mode of resonant axial vibration of 
the piles. 
The amplitude of receptance at resonance of the 
concrete piles in air was observed to decrease at higher 
modes of resonant vibration at a rate approximately 
proportional to the square of the inverse of the resonant 
frequency. This can be explained by the application of the 
principle of conservation of energy to one cycle of 
vibration of the system, i. e. 
Input Energy (IE) = Output Energy (OE) .... Eqn. 
6.1.1 
The input energy is introduced to the system through 
the force exciting the pile. It was shown by Tong 
(1960) 
that the input energy per cycle of forced vibration of a 
damped system is 
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(IE) = TrF0w0sin(oc) 
.... Eqn. 6.1.2 
where F0= amplitude of applied dynamic force; 
W0= It of 11 it resulting displacement; 
a= phase difference between the dynamic force and 
dynamic displacement. 
Once the vibration has become steady the output energy 
is that which is dissipated by the damping mechanisms within 
the system. SDC is defined as 
(SDC) = AWp/W .... Eqn. 6.1.3 
where AWp = energy dissipated in one cycle of vibration; 
W= maximum energy stored in one cycle of vibration. 
The maximum energy stored in a system undergoing 
steady harmonic vibration can be seen to be equal to the 
maximum kinetic energy that occurs within the cycle of 
vibration. If the pile is modelled as a simple system 
having a generalised mass, M, and stiffness, K, the maximum 
energy stored in one cycle of vibration is 
W=O. 5MVö .... Eqn. 6.1.4 
where V0 = amplitude of velocity of the system. 
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The vibration is harmonic and steady, and therefore the 
displacement, w(t), at time t can be expressed as 
w(t) = wosin(wt) 
and velocity, V(t), at time t as 
V(t) =w w0Cos(Wt) 
Therefore the maximum velocity is 
V =WW 
00 
.... Eqn. 6.1.5 
.... Eqn. 6.1.6 
.... Eqn. 6.1.7 





Rearranging Eqn. 6.1.3 and substituting for W 
A Wp = O. 5(SDC)M(ww0)2 
.... Eqn. 6.1.8 
.... Eqn. 6.1.9 
The following expression is obtained by substituting Eqns. 
6.1.2 and. 6.1.9 into Eqn. 6.1.1 




.... Eqn. 6.1.10 
- 6.4 - 
w0/F0 = 27Tsin(a)/[(SDC)Mw21 .... Eqn. 6.1.11 
It can be shown that the phase angle between dynamic 
force and dynamic displacement of a system with low damping 
vibrating at resonance is 900 (see Bishop and Johnson 
(1960)). The value of SDC was observed to be constant with 
regard to resonant frequency, and therefore it can be 
deduced that 
w0 /F0 = C/W 
2 
where C is a constant related to the mass and damping within 
the system. 
Thus it can be seen that the amplitude of receptance at 
resonance of a system with hysteretic damping decreases at a 
rate proportional to the square of the inverse of the 
resonant frequency (as was observed in the experimental 
results). 
6.1.2 Young's modulus and density of pile material 
The mean value of dynamic Young's modulus was 
calculated for each pile from the results obtained by 
substituting each of its first three axial resonant 
frequencies into Eqn. 4.5.1 in turn. The mean values of 
Young's modulus of the pile materials are presented 
in Table 
4.1. 
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All the concrete piles were manufactured from a single 
batch of concrete, and all were compacted and cured under 
identical conditions. Therefore the material properties of 
these piles were expected to be identical. However, 
inspection of Table 4.1 revealed that the mean density of 
the concrete piles was 2246.5 kg/m3, and the minimum and 
maximum values cf density were 2238.1 kg/m3 and 2250.9 kg/m3 
respectively. The maximum variation represented 0.4% of the 
mean density of the concrete. Further, the mean value of 
Young's modulus of all the concrete piles given in Table 4.1 
was 35.7 GN/m 
2. The maximum deviation of Young's modulus 
from this mean value was 0.9 GN/m 2, which corresponded to 
2. 'A of the mean value. 
It was also observed that different values of Young's 
modulus of a given concrete pile were determined wren 
different axial resonant frequencies of the pile were 
substituted into Eqn. 4.5.1. The maximum deviation of the 
Young's modulus of any one pile from its mean value was 1.3 
GN/m 
2, 
which represented 3.7° of the mean value and occurred 
in the Cl pile . 
The accuracy of the measurement of the physical 
quantities from which the values of density and 
Young's 
modulus were calculated were as 
follows (the approximate 
percentage errors with respect to typical values of a 
concrete pile are given 
in parentheses): 
pile length : 
0.5 mm (0.05%) 





resonant frequency :1 Hz 
(0.02%) 
(0.02%) 
(0.05% in the first mode) 
It can be shown that the worst possible combination of 
these errors would produce an error of about 0.15% in the 
calculated value of density and approximately 0.22% in the 
calculated value of Young's modulus. 
The deviations from the mean values of density and 
Young's modulus (over and above those that might be expected 
due to measurement errors) both within individual piles and 
within the batch of concrete are thought to be due to 
localised variations in the homogeneity of the concrete. 
These variations may have been produced by non-uniform 
mixing or compaction at the time of casting or by 
non-uniform curing of the concrete. The principal aims of 
compaction were to remove any bubbles of air from the wet 
concrete and to form concrete of uniform consistency. Air 
bubbles with an estimated volume of about 5 cm3 were seen to 
rise to the surface of the wet concrete during the 
compacting vibration. It was thought at the time that all 
such air bubbles had been removed from the concrete, but in 
view of the variation in Young's modulus it is now felt that 
this may not have been so. 
Neville (1981) stated that the Young's modulus of 
concrete is a function of its compressive strength, and that 
the presence of as little as 2% voids can result in a drop 
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of 1.0% in the compressive strength of the concrete. Thus 
incomplete compaction would have influenced the value of 
Young's modulus in the region of the poorly compacted 
concrete. 
A study of the effect of voids on the velocity of 
longitudinal waves in a parallel-sided specimen was made by 
Cawley, Adams and Plumbridge (1981). It was suggested that 
if a large number of voids was evenly distributed within the 
specimen and the volume of a single void was very much 
smaller than that of the specimen, the longitudinal wave 
velocity would be identical to that in a specimen made from 
the same material without voids. However, the assumptions 
made by Cawley, Adams and Plumbridge a. re not valid if the 
voids are not uniformly distributed, or the volume of a 
single void is not very small. relative to the specimen. At 
the end of the vibration tests several of the concrete piles 
were broken into sections and their cross-sections were 
examined. The concrete was found to be uniform in 
appearance at all sections and no evidence of air voids was 
observed. This suggests that any voids that may have been 
present were not uniformly distributed within the piles. If 
the voids were in the form of a single air bubble it can be 
seen that this would reduce the cross-section of the pile in 
a manner similar to that of a small neck defect. The effect 
of a neck defect on the axial resonant frequencies of a pile 
is related to its size, position and the mode of resonant 
axial vibration (see Section 6.3.1). 
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The possibility of non-uniform curing of the concrete 
is thought to be less likely than n. on-uniform mixing or 
compaction since all the piles were kept and stored in 
identical conditions. 
The values of Young's modulus of each steel pile were 
determined using the appropriate resonant frequencies and 
showed much less deviation than the concrete piles from the 
mean values given in Table 4.1. The maximum variation of 
Young's modulus of any given steel pile was 0.47 GN/m2, 
which occurred in the S5 pile and corresponded to 0.2% of 
the mean value for that pile. This suggested that the steel 
piles were less prone to localised variations in material 
properties than the concrete piles. The densities of the 
steel piles were observed to vary between 7586.3 kg/m3 and 
7824.8 kg/m 3. This degree of variation was at first thought 
to be exceptional since the value of density of steel was 
expected to be about 7850 kg/m3. The measurements and 
calculations of density were repeated, and the original 
values found to be correct. The variation in density of the 
steel piles is thought to be due to the use of different 
steels to form the piles. The steel piles were in general 
formed from separate lengths of steel bar, chosen at random 
from the available stock within the laboratory. 
6.1.3 Material damping 
The mean value of specific damping capacity determined 
from all the results of the vibration tests performed on the 
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concrete piles in air was 0.046. The corresponding value in 
the steel piles was 0.002. The maximum deviation of SDC 
within the concrete piles was 0.004, which represented 8.7% 
of the mean value. These variations from the mean value are 
thought to have been caused by the non-uniform mixing, 
compaction or curing of the concrete which was discussed in 
Section 6.1.2. The values of material damping were 
comparable with those reported by Swamy (1-70), who studied 
the damping values and mechanisms of a variety of concretes. 
The values of SDC indicated that the material damping 
of concrete was unchanged by the frequency of excitation. 
This justified the use of a material. model with hysteretic 
damping to represent the low-amplitude vibration of concrete 
model piles in Chapter 2. 
The value of SDC of the steel piles was found to be 
very low in comparison with that of the concrete (as was 
expected). The low material damping within the steel was 
reflected in the high. values of amplitude of receptance at 
resonance, which were subject to very large increases as the 
frequency of excitation approached the axial resonant 
frequency of the pile. As stated in Section 6.1.1, it 
proved very difficult to obtain exactly repeatable values of 
the amplitude of receptance at resonance. Therefore unique 
values of receptance at the half-power points, i. e. where 
the amplitude of receptance was 1/, /7ýtimes that at 
resonance, could not be determined. The values of SDC in 
Table 4.4 are the mean values found from the results of five 
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tests performed on each steel pile. It was concluded that 
the experimental method described in Section 4.5.1 was not 
suitable as a means of determining the damping present in 
steel piles freely suspended in air. A more appropriate 
method might have been to use a. technique which recorded the 
decay in amplitude of vibration after an initial impact on 
the pile (see Clough and Penzien (1975)). 
It was not possible to verify that the damping in steel 
vibrating at low amplitude is independent of frequency as 
was assumed in Chapter 2. However, nor could it be proved 
otherwise. It may be concluded that damping is very low in 
freely suspended steel piles excited in the first three 
modes of resonant axial vibration. 
6.1.4 Axial strain mode shapes 
The maximum amplitude of axial strain within the two 
piles (Cl and S2) eqipped with strain gauges was determined 
as 1.1x10 , which was measured in the first mode of resonant 
axial vibration of the steel pile in air. The maximum 
amplitudes of axial strain within each pile in the first 
three modes of resonant axial vibration were consistent with 
the amplitudes of axial displacement determined at the top 
of the pile (see Eqn. 4.4.1). 
The normalized axial strain mode shapes of the first 
three modes of resonant axial vibration of the Cl and S2 
piles were determined in air as described in Section 4.4. 
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These mode shapes are presented in Figs. 4.7 and 4.9. 
least. squares fit of a damped sine wave relating axial 
strain, (dw/dz), to the distance, z, from the point of 
excitation was performed using the relationship 
A 
(dw/dz) =e -a 
sin(bz) 
.... Eqn. 6.1.12 
Optimisation of the constants a and b was made so as to 
produce the best fit curve to the experimental data. The 
strain mode shapes of the steel piles showed very little 
deviation from the sinusoidal curves which were predicted 
using the theory described in Section 2.2.2 (see Fig. 2.2). 
The predicted axial strain mode shapes are shown as dashed 
lines in Figs. 4.7 and 4.9 for ease of comparison. The 
variation of the discrete measured strain values from the 
predicted curves was greater in the results of the concrete 
pile than in those of the steel pile, and this was thought 
to be the result of: 
i) localised variations in the material properties of the 
concrete as discussed in Section 6.1.2. Localised 
disturbances in the stress distribution across the 
cross-section of the pile may have been produced., 
resulting in variations in axial strain from the values 
that would have been experienced had the material 
properties been uniform; 
ii) minor deviations from a uniform cross-section 
resulting in a similar effect to a localised variation in 
the material properties of the pile. This is thought to 
be a minor source of error since the piles were 
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manufactured as uniform in cross-section; 
iii) errors arising from the method of attachment of the 
strain gauges. The strain gauges were cemented directly 
onto the surface of the steel pile. This was not possible 
with the concrete pile, owing to the porosity of the 
material. Therefore the surface of the concrete pile had 
to be sealed with a thin layer of epoxy resin. The resin 
was applied only to a very small region around the 
position of the strain gauge, and was made smooth and 
reduced in thickness using fine abrasive paper. The 
gauges were then cemented onto the thin layer of resin. 
However, the stiffness of the resin layer may have had a 
detrimental effect on the accuracy of the strain 
measurements, since the resin must have contributed to the 
stiffness of the pile at the point of attachment. 
The variations in strain phase angle along the length 
of the concrete and steel piles in air relative to the 
applied dynamic force are presented in Figs. 4.8 and 4.10, 
respectively. Changes in strain phase angle about 1800 were 
observed at the mid-points of the piles in the second mode 
of resonant vibration and at the one-third and two-third 
points in the third mode, as predicted in Section 2.2.3 (see 
Fig. 2.3). The close correlation between the predicted and 
observed axial strains within similar model piles 
substantiates the accuracy of the model described in Section 
2.2.2 in representing the resonant axial vibration of freely 
suspended uniform concrete and steel bars. 
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6.2 Dynamic characteristics of embedded uniform model 
piles 
6.2.1 Experimental results 
The measured values of axial resonant frequencies, 
amplitudes of receptance at resonance and specific damping 
capacities of the fully embedded uniform model piles are 
presented in Table 4.5. The changes due to embedment that 
occurred in the resonant frequencies (expressed as a 
percentage of the corresponding resonant frequencies 
determined in air) are given in parentheses. 
6.2.1.1 Stiffness and mass effect of sand 
The results show that, in general, small increases 
occurred in the axial resonant frequencies of the model 
piles due to embedment when compared with the corresponding 
resonant frequencies in air. However, four of the total of 
36 measured resonant frequencies showed a slight decrease 
when embedded in sand. The maximum increase in resonant 
frequency was 50 Hz (C5, N=3). The maximum percentage 
increase in resonant frequency due to embedment was 2.3% 
(C2, N=l) and the maximum reduction was 0.8% (Cl, N=2). 
The explanation for the general increase in the 
resonant frequencies is revealed if a freely suspended pile 
is considered as a simple system with a generalised mass, M, 
and generalised stiffness, K. The resonant frequency, w r, 
of such a system is given by 
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w-r (K/M) 2 
.... Eqn. 6.2.1 
It is reasonable to assume that the presence of the 
sand around the pile contributed both stiffness and mass to 
the vibration of the soil-pile system. The damping effect 
of the sand is discussed in Section 6.2.1.2. Considering 
only the mass and stiffness effects of the sand, the 
resonant frequency of a simple system representing the 
embedded pile may be regarded in a similar manner to that in 





.... Eqn. 6.2.2 
where Aw = change in resonant frequency due to embedment; 
AK = contribution to the stiffness of the soil-pile 
system from the sand; 
AM = contribution to the mass of the soil-pile system 
from the sand. 
The changes in resonant frequencies were observed to be 
small (<2.3%) in comparison with the corresponding axial 
resonant frequencies. This implied that the relative 
increases in stiffness and mass of the pile were of a 
similar magnitude, since a large increase in one quantity 
and not the other would have had a significant effect on the 
resonant frequencies (see Eqn. 6.2.2). The stiffness of 
sand is very much less than that of either concrete or 
steel, and therefore it may be deduced that both mass and 
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stiffness contributions from the sand were small. In 
general, the resonant frequencies of the piles were found to 
increase when the piles were embedded, indicating that Aw 
is positive and that in most cases the relative contribution 
from the sand to the stiffness of the system was slightly 
greater than its relative contribution to the mass. 
The contributions to the mass and stiffness of the 
soil-pile system from the sand can be considered as arising 
from two sources; the sides and the base of the pile. It 
was stated by Davis and Dunn (1974) that, if the pile was 
assumed. to be supported solely at its base by a strata of 
compressible soil, the axial resonant frequency of the pile 
would be reduced from the corresponding resonant frequency 
of a freely suspended pile. It was also stated that the 
reduction in resonant frequency was a function of the 
stiffness of the soil beneath the pile tip. This is not 
thought to be unreasonable since an incompressible soil or 
rock at the base of the pile would effectively form a fixed 
end restraint and the axial resonant frequencies would be 
those of a "clamped-free" pile (see Bishop and Johnson 




.... Eqn. 6.2.3 
The effect of the soil would be expected to be 
negligible if its stiffness was very low, and the axial 
resonant frequencies in this case would approximate 
to those 
of a freely suspended pile 
(see Section 2.2.3), i. e. 
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fn = (n/2L) (E/p) 12 
.... Eqn. 6.2.4 
Therefore it may be assumed that the reduction in a 
given axial resonant frequency of a pile supported solely by 
soil at its base is a function of the stiffness of the soil, 
and that an increase in the soil stiffness would produce a 
greater reduction in resonant frequency. The general effect 
of embedment in the vibration tests in this study was to 
increase the axial resonant frequencies of the piles. This 
implies that the effect of the soil at the sides of the pile 
was to increase the resonant frequencies and that, in 
general, the influence of the soil at the sides of the pile 
was greater than that at its base. The suggestion that the 
soil around the sides of the pile acts to increase the axial 
resonant frequencies of the pile is consistent with the 
earlier findings of Lilley (1977) who studied the dynamic 
effect of a small box of dry sand placed at different. 
positions along the length of an otherwise freely suspended 
bar. Lilley found that the first three axial resonant 
frequencies of the bar increased due to the presence of the 
sand and that in each case the increase was a function of 
the amplitude of axial displacement at the point of the bar 
where the sand was placed. The additional damping due to 
the presence of the sand was also greatest when the sand was 
placed at points on the bar undergoing the largest amplitude 
of axial displacement. The explanation of the increases in 
the stiffness and damping effects of the sand lies in the 
increased volume of sand excited by larger amplitudes of 
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axial displacement of the bar. The soil immediately 
adjacent to the pile is subjected to a shear wave 
originating at the soil-pile boundary. The amplitude of the 
shear wave decreases as it travels outwards from the pile 
(see Ewing, Jardetsky and Press (1957)) and becomes 
negligible at some distance from the pile. The point at 
which the motion becomes negligible (and therefore the 
volume of soil excited by the pile) is a function of the 
initial axial displacement of pile. Therefore the 
additional stiffness and damping from the soil would be 
expected to increase when the soil was moved to a point on 
the bar undergoing a larger amplitude of axial displacement. 
The results in Table 4.5 suggest that the general 
increase in the axial resonant frequencies of a given pile 
was related to the mode of resonant axial vibration of the 
pile, and that the percentage increase in resonant frequency 
was smaller in higher modes of vibration. This is thought 
to have been due to the lower amplitudes of receptance 
experienced in the higher modes, since the lower amplitudes 
of axial displacements throughout the pile would have 
reduced the volume of soil excited by the pile. 
The area of contact between the soil and the side of an 
embedded pile in relation to that at its base is thought to 
be significant in determining the overall effect of 
embedment on its axial resonant frequencies. The ratio of 
the area of the curved sides to that of the base of a 
uniform cylindrical pile is 4L: D, where L and D are the 
- 6.18 - 
length and diameter of the pile, respectively. The value of 
this ratio for the model piles in this study ranged from 
approximately 58.4: 1 to about 90.0: 1 (see Section 4.2.1). 
Thus it might have been expected that the effect from the 
soil at the side of the pile would have been greater than 
that from its base. The physical dimensions of the pile 
considered separately appeared to have no effect on the 
percentage increase in resonant frequency within the range 
of values studied in the experiments. However, the results 
from piles with identical diameters but different lengths 
(e. g. C4 and C6, Si and S4) indicated that the ratio of L: D 
influenced the change in resonant frequencies. A reduction 
in the value of L: D (which reduced the ratio of the area of 
the side of the pile to that of its base) reduced the 
magnitude of the increase in resonant frequency due to 
embedment for a given mode of vibration. This was due to a 
reduction in the effect of the soil at the side of the pile 
while the effect from that at its base remained sensibly 
constant. In the case of the C6 pile the effect of 
embedment reduced the second and third axial resonant 
frequencies from the corresponding values in air, thus 
suggesting in this case that the effect from the 
base of the 
pile was greater than that from its sides 
in these modes. 
6.2.1.2 Damping effect of the sand 
Greater difficulty was experienced in determining the 
axial resonant frequencies of the embedded piles 
than those 
of the piles in air. 
This was due to the gradual increase 
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in the amplitude of receptance of the embedded piles as the 
frequency of excitation approached the axial resonant 
frequencies of the pile. The tests in air produced large 
changes in receptance at frequencies close to resonance 
which led to very simple determinations of the resonant 
frequencies. However, the numerical output from the 
micro-computer allowed the resonant frequencies of the 
embedded piles to be located initially to within 5 Hz and 
ultimately, by interpolation of the data, to an accuracy of 
1 Hz, i. e. the same degree of accuracy as that attained in 
the tests in air. 
The difficulty experienced in determining the resonant 
frequencies of embedded piles was caused by a large increase 
in the overall damping within the soil-pile system due to 
the presence of the sand. The additional damping from the 
sand reduced the amplitudes of receptance at resonance and 
increased the specific damping capacities of the embedded 
piles in comparison with the corresponding values determined 
in air. The minimum and maximum values of the amplitudes of 
receptance at resonance of the fully embedded model piles 
were O. 21x10-8 rn/N (S3, N=3) and 2.54x10-8 m/N (C5, N=1) , 
respectively. The minimum and maximum values of SDC of the 
embedded piles were 0.075 (S3, N=3) and 0.785 (C3, N=1), 
respectively. 
The values of SDC of a given embedded model pile were 
observed to decrease as a function of decreasing amplitude 
of receptance at resonance. This can be explained by 
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considering the definition of SDC (see Eqn. 6.1.3) and the 
contribution from the sand, i. e. 
(SDC) _ (AWF+AWs ) /W .... Eqn . 6.2.5 E 
where (SDC) 
E 
is the specific damping capacity of the 
embedded pile; 
AW is the energy dissipated within the pile 
material in one cycle of vibration; 
A W, is the energy dissipated within the soil in one 
cycle of vibration; 
W is the maximum energy stored in one cycle of 
vibration of the soil-pile system. 
Eqn . 6.1.3 gives 
(s DC )A =Aw /W 
p 
The values of SDC of the model piles in air were independent 
of the amplitude of vibration (within the limits of this 
study) . Therefore it is possible to divide Eqn. 6.1.3 by 
Eqn. 6.2.5 giving 
LWp/(AWp+LWs) = (SDC)A /(SDC)E .... Eqn. 6.2.6 
which relates the proportion of energy dissipated within the 
pile to the total energy loss per cycle of vibration. 
Typical results (e. g. Si) indicate that the material damping 
within the pile accounted for about 1.2% of the total energy 
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loss from a fully embedded steel pile in the first mode of 
resonant axial vibration, 2.3% in its second mode and 3.0% 
in its third mode. The material damping within a typical 
fully embedded concrete pile (C2) accounted for 6.0%, 7.4% 
and 9.9% of the total energy losses in the first, second and 
third modes of resonant axial vibration, respectively. The 
material damping within concrete was shown in Table 4.4 to 
be at least ten times greater than that within steel, which 
accounts for the higher proportion of overall damping in 
embedded piles from the material damping within concrete 
piles compared to that within steel piles. The contribution 
from the sand to the overall damping within each embedded 
pile decreased in the higher modes of vibration. This is 
thought to have been due to the lower amplitudes of 
receptance and axial displacements within the piles 
experienced in the higher modes of vibration. This reduced 
the volume of sand excited by the pile and thus reduced the 
damping within the sand. Further explanation is gained from 
consideration of the damping mechanisms within embedded 
piles. 
There are three general forms of damping which may 
dissipate energy within a soil-pile system undergoing axial 
vibration. These are: 
i) geometric damping, i. e. the dissipation of energy from 
the pile due to the production of elastic waves within the 
soil. Three types of waves were likely to be produced; 
compressional, shear, and Rayleigh waves (see Richart, 
Hall and Woods (1970)). All the waves encounter an 
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increasingly larger volume of material as they travel 
outwards from the pile and thus the energy density 
associated with each wave decreases with increasing 
distance from the source. The amplitude of compressional 
and shear waves decreases at a rate proportional to 1/h, 
where h is the distance from the source of the wave, while 
the amplitude of Rayleigh waves decreases at a rate 
proportional to 1/h (see Ewing, Jardetsky and Press 
(1957)). The amplitude of each wave must become 
negligible at some point remote from the pile, and the 
distance of that point from the pile is a function of the 
amplitude of axial displacement of the pile. An increase 
in the amplitude of vibration of an embedded pile produces 
elastic waves of higher amplitudes within the soil. which 
become negligible at points more remote from the pile. 
The volume of soil excited by the pile is thus increased 
and the total energy dissipated from the pile within the 
soil is therefore increased; 
ii) Coulomb damping in the soil arising from frictional 
resistance as individual sand particles move in relation 
to one another. This form of damping would also be 
present on the vertical soil-pile interface if there was 
any slippage between the soil and the pile; 
iii) material damping within both the pile material and 
the sand particles. 
Compressional waves are produced within the soil at the 
base of the pile by the motion of the pile tip and also 
within the soil adjacent to the side of 
the pile by the 
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radial displacements of the pile arising from its axial 
strains and the Poisson effect. The contribution to the 
total dissipated energy from compressional waves below the 
pile tip may be expected to be primarily a function of the 
amplitude of axial displacement of the pile tip and the area 
of contact between the pile and the soil at that point. 
Shear waves are produced within the soil adjacent to the 
side of the pile by the axial vibration of the pile. The 
initial amplitude of displacement of a shear wave must be 
equal to the amplitude of axial displacement of the pile at 
that point (if there is no slippage between the soil and the 
pile). Therefore the total contribution to the dissipated 
energy from shear waves is a function of both the area of 
contact and the amplitudes of axial displacement at all the 
points on the side of the pile in contact with the soil. 
The amplitude of Rayleigh waves within the soil is greatest 
at its surface adjacent to the pile (see Richart, Hall and 
Woods (1970)). The energy dissipated by Rayleigh waves is 
therefore expected to be primarily a function of the 
amplitude of axial displacement of the pile at the surface 
of the sand. 
Coulomb damping will occur only if there is relative 
movement between two adjacent surfaces and will be present 
over the mutual area of contact. The damping forces present 
in Coulomb damping are independent of the amplitude and 
frequency of excitation (see Steidel (1980)) and are a 
function of the forces acting normally to the contact area 
and the coefficient of friction between the two surfaces. 
- 6.24 - 
The normal forces acting on the sand particles and the side 
of an embedded pile are produced by the effective confining 
pressure generated within the soil (see Section 3.3) and are 
a function of the depth below the surface of the sand. 
Therefore the total contribution to the energy dissipation 
from Coulomb damping within the sand is a function of the 
volume of the sand containing particles which move in 
relation to one another, the amplitude of the relative 
movement of the soil, the coefficient of friction, and the 
depth below ground level. 
The nature of material damping in steel and concrete 
has been discussed in Sections 2.2.2 and 6.1.3. The 
dissipated energy due to the damping in the pile material is 
a function of both the amplitude and the frequency of 
excitation (see Eqn. 6.1.9). The difficulty in assessing 
the material damping in sand at the low confining pressures 
and low amplitudes of vibration experienced in this study 
has been described in Section 3.3.4. 
It is not clear from the results of vibration tests on 
fully embedded piles which of the above damping mechanisms 
of the sand contributes most to the energy 
dissipation 
within a given pile, since the individual contributions 
to 
overall damping cannot be evaluated. 
However, further 
discussion of the damping mechanisms is possible when 
the 
results of tests on partially embedded piles 
(see Section 
6.2.1.3) and special cases of a pile with a very 
compressible material 
below its base (see Section 6.2.1.5) 
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and a pile with different surface textures are considered 
(see Section 6.2.1.6). 
6.2.1.3 Depth of embedment 
A study was made to examine the effect of the level of 
embedment on the dynamic characteristics of two uniform 
model piles, Cl and S2. The axial resonant frequencies, 
amplitudes of receptance at resonance and specific damping 
capacities of the piles at eight levels of embedment between 
about 18% and 100% were determined. The axial strain mode 
shapes were also obtained (see Section 6.2.1.5). Similar 
trends were observed in the results from both piles and 
hence only one set of results (S2) are presented. The 
changes in axial resonant frequencies (expressed as 
percentage of the corresponding resonant frequencies 
determined in a. ir) due to embedment are shown in Fig. 4.17. 
The relationships between the measured amplitudes of 
receptance at resonance and specific damping capacities with 
the depth of embedment of the pile are presented in Figs. 
4.18 and 4.19, respectively. 
It might be expected from the discussion 
in Section 
6.2.1.1 of the effect of the soil on the stiffness of the 
pile that the largest increases in the axial resonant 
frequencies due to increasing embedment (see Fig. 4.17) 
would occur when sections of pile undergoing 
the largest 
amplitudes of axial displacement were embedded. 
The 
normalized axial strain mode shapes of 
the embedded piles 
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were very similar in appearance to those determined in air 
(see Figs. 4.8 and 4.10). It can be deduced that, since the 
strain mode shapes resemble sinusoidal curves, the axial 
displacement mode shapes are cosinusoidal (see Eqn. 4.4.1). 
Therefore the increase in the first resonant frequency would 
be expected to be greatest when either the lowest or the 
uppermost section of pile was embedded since these sections 
have the largest amplitude of axial displacement in this 
mode. In the second mode a relatively large increase in 
resonant frequency would also be expected when the mid-point 
of the pile was embedded. Further, relatively large 
increases in the third resonant frequency would be expected 
to occur when the one-third and two-thirds points (but not 
the mid-point) of the pile were covered by sand. However, 
no such trends were seen in Fig. 4.17, although the axial 
resonant frequencies increased in approximate linear 
proportion with increasing depth of embedment. It is 
thought that no other trends can be identified because: 
i) the increase in embedment increased the effective 
confining pressure in the sand at the base of the pile 
thus increasing its stiffness (see Section 3.3) and 
enhancing its effect of reducing the resonant frequencies 
of the pile (see Section 6.2.1.1). This effect 
compensated to some degree for the effect of the increase 
in the pile stiffness from the soil at its side; 
ii) the overall damping within the soil-pile system 
increased with increasing depth of embedment (see Fig. 
4.19), thus reducing the amplitudes of axial displacement 
within the pile, and resulting in smaller 
increases in 
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resonant frequency than if the overall damping had not 
increased. 
It is impossible to ascertain from the results of tests 
of fully embedded piles which form of damping outlined in 
Section 6.2.1.2 dissipated most energy from the axial 
vibration of an embedded pile. However, the volume of sand 
available to dissipate energy from the sides of a partially 
embedded pile can be increased by increasing the depth of 
embedment. An increase in the depth of embedment of a. 
partially embedded pile undergoing resonant axial vibration 
at steady amplitude would be expected to influence the 
contributions to overall damping in the following manner: 
i) produce no major change in the energy dissipated by 
compressional waves within the soil below the pile tip, 
since the amplitude of vibration and the volume of soil 
subjected to compression remain constant; 
ii) increase the energy dissipated by shear waves in the 
soil at the sides of the pile in a manner that reflected 
both the increase in the volume of soil excited by the 
pile and the axial displacement mode shape of the pile; 
iii) increase or decrease the energy dissipated by 
Rayleigh waves depending on whether there was an increase 
or decrease in the amplitude of axial. displacement at 
the 
section of the pile at the same level as the surface of 
the soil; 
iv) increase the energy dissipated by Coulomb damping 
since both the volume of soil excited 
by the pile and the 
confining pressures within the soil 
increase as functions 
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of the depth of embedment; 
v) produce no effect on the energy dissipated by the 
material damping of the pile but increase that dissipated 
by the material damping of the sand in accordance with the 
increase in volume and amplitude of vibration of the sand 
excited by the pile. 
The values of specific damping capacity of the concrete 
pile (S2) at different levels of embedment are shown in Fig. 
4.19. It is apparent that the overall damping increased in 
approximately linear proportion with increasing depth of 
embedment. No evidence was found to suggest a relationship 
between overall damping and the axial displacement mode 
shapes of the pile. It is thought that, although the level 
of embedment must have influenced the relative contributions 
to the total energy dissipation, an increase in one damping 
contribution reduced the amplitude of pile vibration, thus 
reducing the energy dissipated by the other damping 
mechanisms. Therefore it is not possible to identify the 
mechanism contributing most to the overall damping and to 
conclude only that the damping increases with increasing 
depth of embedment. 
6.2.1.4 Axial strain mode shapes 
The normalized axial strain mode shapes of the fully 
embedded Cl and S2 piles determined in each of the 
first 
three modes of resonant vibration are given in Figs. 4.8 and 
4.10, respectively. Figs. 4.13 and 4.15 show the 
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corresponding variation in axial strain phase angles. 
The axial strain mode shapes and phase angles of the 
fully embedded piles were very similar in appearance to 
those obtained in air (see Figs. 4.7 and 4.9). The 
amplitudes of axial strain at the base of the embedded piles 
were small in comparison with those at other points on the 
pile. Therefore it can be deduced that the soil stiffness 
below the pile tip was very low in comparison with that of 
the pile, since a stiff soil would have restrained the pile 
tip and permitted axial strains to have developed at the tip 
of the pile (see Clough and Penzien (1975)). 
The normalized axial strain mode shapes of the two 
piles at 25%, 50%, and 75% embedment were also obtained and 
were found to be very similar in appearance to those of the 
piles in air. Typical normalized axial strain mode shapes 
and the axial strain phase angles of a partially embedded 
pile (steel pile 50% embedded) excited in its first three 
modes of resonant axial vibration are presented in Fig. 4.11 
and Fig 4.16, respectively. The mode shapes of both fully 
embedded and partially embedded piles indicated that the 
sand influenced the amplitude of vibration throughout the 
pile and not just within those sections which were embedded. 
The amplitudes of axial strains within the embedded 
piles were lower than the corresponding values in similar 
modes of vibration in air, and were consistent with the 
lower amplitudes of receptance of the piles experienced when 
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embedded in. sand. The maximum amplitude of strain within a 
pile in air was observed to be 1.1x10 -5 which occurred at 
the mid-point of the S2 pile in its first mode of resonant 
axial vibration. 
within a fully embedded pile was 9.9 x 10 
within the concrete pile (Cl). 
stra in 
and was produced 
6.2.1.5 Material with very low stiffness below pile tip 
The measured values of axial resonant frequencies, 
amplitudes of receptance at resonance and specific damping 
capacities of the concrete pile (C2) with the foam rubber 
core attached to its base are presented in Table 4.6. The 
tests were performed to investigate the dynamic effect of a 
material with very low stiffness (less than that of sand) at 
the base of a pile. The dynamic characteristics of the pile 
are presented both before and after the attachment of the 
core. The changes in axial resonant frequency due to 
embedment (expressed as a percentage of the corresponding 
resonant frequencies in air) are presented in parentheses. 
The presence of the foam rubber reduced each of the 
axial resonant frequencies of the pile in air by about 0.3% 
of the corresponding resonant frequencies determined before 
the core was attached. This suggested that the foam rubber 
contributed more to the mass of the augmented pile than to 
its stiffness (see Eqn. 6.2.2). The values of amplitude of 
receptance at resonance and specific damping capacities 
determined in air after the core was attached were very 
The largest amplitude of axial 
_7 
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similar to those determined before its attachment, and 
indicate that the overall damping within the pile was not 
Significantly increased by the foam rubber. 
The increases in the resonant frequencies of the pile 
with the foam rubber due to embedment in dry sand were 
between 0.5% and 2.4% of the corresponding resonant 
frequencies in air. These increases were very similar in 
size and nature to those experienced due to embedment of the 
pile without the core. This suggests that, in this 
particular situation, the stiffness effect of the sand at 
the base of the fully embedded pile was negligible in 
comparison to that of the sand at its side (see Section 
6.2.1.1). 
The values of SDC of the fully embedded pile with the 
core were each about 20% lower than the corresponding values 
determined without the core. This suggests that about one 
fifth of the energy dissipated within the embedded pile was 
dissipated within the sand at its base, the remainder being 
dissipated within the pile material and the soil around the 
side of the pile (see Section 6.2.1.2). 
6.2.1.6 Roughness of pile surface 
A study was made to examine the dynamic effect of the 
roughness of the surfaces of a fully embedded pile (see 
Section 4.5.5). The S5 pile was tested initially with a 
smooth surface and again after its surface had been 
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roughened by the application of a thin film of epoxy resin 
onto which sand was sprinkled. The measured values of axial 
resonant frequencies, amplitudes of receptance at resonance 
and specific damping capacities of the smooth and rough pile 
are presented in Table 4.7. 
The increase in the roughness of the pile surface 
produced: 
i) a reduction in all three axial resonant frequencies 
determined in air, which represented 0.3% of the 
corresponding resonant frequencies of the smooth pile. 
This indicated that the dynamic effect of the mass of the 
sand and resin was greater than the combined stiffness 
effect (see Eqn. 6.2.2); 
ii) a reduction in the amplitude of receptance at 
resonance in air to between 30% and 50% of the 
corresponding values of the smooth pile, thus indicating 
that the presence of the sand and the resin contributed to 
the overall damping of the system. However, the increase 
in overall damping was not sufficient for major changes to 
be detected in the values of specific damping capacity of 
the pile in air. 
The increases in the axial resonant frequencies due to 
embedment of the rough pile were very similar in nature and 
magnitude to those observed after embedment of the smooth 
pile. The presence of sand around an embedded pile 
contributes both stiffness (AK) and mass (AM) to the 
soil-pile system 
(see Section 6.2.1.1). The similar 
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increases due to embedment in the resonant frequencies of 
the rough and smooth piles suggest that the ratio AK: MM was 
independent of the surface texture of the pile since a 
change in the value of AK: MM would have influenced the 
increase in resonant frequency (see Eqn. 6.2.2). 
The values of SDC of the embedded rough pile were about 
35% higher than the corresponding values of the embedded 
smooth pile. Thus the overall damping in the soil-pile 
system increased by approximately one third due to the 
increase in roughness of the pile surface. The increase in 
overall damping cannot be attributed to an increase in the 
amplitudes of axial displacements within the pile (see 
Section 6.2.1.2) since in each mode of vibration the 
receptance at resonance were lower in the rough pile than in 
the smooth pile. Two explanations for the increase in 
overall damping of the embedded rough pile are: 
i) the area of contact between the sand particles and the 
side of the pile increased with the increase in surface 
roughness of the pile. Therefore an increased quantity of 
sand was directly excited by the pile, which resulted in 
an increase in the energy dissipation from the pile. The 
effect of the additional volume of sand excited by the 
pile would be expected to have increased significance if 
only a very small volume of sand was excited by the smooth 
pile (as seems likely from the discussion of the volume of 
sand vibrating with the pile (see Section 6.2.2.3)); 
ii) the coefficient of friction between the pile and the 
surrounding sand was increased by the increase in surface 
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roughness of the pile. However, this would only be 
significant if there was relative movement between the 
pile and the sand, which in view of the very small axial 
displacements of the pile (see Section 4.5.3) is thought 
unlikely to occur. 
6.2.2 Predicted dynamic characteristics of embedded 
uniform piles 
A study was made to examine the relative influence of 
the soil properties on the predicted dynamic characteristics 
of embedded model piles using the visco-elastic soil-pile 
model described in Section 2.4. The changes in the 
predicted values of the axial resonant frequencies, 
amplitudes of receptance at resonance and specific damping 
capacities of the piles that occurred due to embedment in 
dry sand were of prime interest. The investigation studied 
the relative influence of: 
i) the material damping within the soil; 
ii) the Poisson's ratio of the soil beneath the pile tip; 
iii) the volume of soil vibrating with the pile; 
iv) the dynamic shear modulus of the soil; 
v) the depth of embedment of the pile within the soil. 
6.2.2.1 Poisson's ratio and material damping of soil 
The influences of the material damping within the soil 
and Poisson's ratio of the soil beneath 
the pile tip on the 
predicted dynamic characteristics of 
two uniform model piles 
(see Section 2.4.6.1) were examined. The predicted values 
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of the dynamic characteristics of the piles were calculated 
using nine combinations of soil damping and Poisson's ratio, 
and the results are presented in Table 2.5. 
A comparison between the predicted dynamic 
characteristics of the model piles and the values determined 
by experiment on similar model piles embedded in dry sand 
(e. g. C2, S2 (see Table 4.5)) revealed: 
i) the predicted axial resonant frequencies of the 
concrete piles were reduced from the corresponding values 
in air whereas the measured resonant frequencies of the 
model piles subjected to vibration tests were generally 
higher than the corresponding values in air; 
ii) the predicted amplitudes of receptance were lower than 
the corresponding measured values obtained from the 
vibration tests. In the worst cases (N=1) the predicted 
amplitudes of receptance represented about 40% of that of 
the corresponding measured values. 
iii) the predicted specific damping capacities were 
considerably greater than corresponding values determined 
in the vibration tests on model piles. In the worst 
instance (S2, N=l) the measured value of specific damping 
capacity represented about 40% of that of the 
corresponding predicted value. 
The above observations suggest that the overall 
damping 
within the visco-elastic soil-pile model 
had been 
overestimated, and an investigation was made 
to determine 
the cause of the error. One possible explanation was an 
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error within the computer program. However, the dynamic 
characteristics of the embedded model piles predicted using 
the model suggested by Baranov (1967) involving simple 
Bessel functions were very similar to those predicted by the 
visco-elastic soil-pile model assuming no material damping 
within the soil. Thus a level of confidence may be given to 
the numerical computations, and it is thought unlikely that 
errors within the computer program could have accounted for 
the high values of overall damping predicted by the 
soil-pile model. 
The specific damping capacities of the embedded piles 
were predicted to be lower in the higher modes of resonant 
axial vibration. This is thought to be the result of the 
lower amplitudes of receptance predicted in these modes (see 
Section 6.2.1.2). The minimum value of SDC of an embedded 
pile was predicted to be 0.249 (steel, N=3). The specific 
damping capacity of the concrete pile in the first mode of 
resonant axial vibration could not be determined, since the 
overall damping within the model was too high for a 
frequency of excitation lower than the resonant frequency to 
be found at which the receptance was 1/V times that 
predicted at resonance (see Eqn. 2.2.11). 
An increase in the assumed value of the specific 
damping capacity of the sand from 0.0 to 0.4, i. e. the 
limiting values likely to be experienced in low-amplitude 
vibration (see Section 3.3.4), produced: 
i) a small reduction in the predicted axial resonant 
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frequencies of the embedded piles. The maximum reduction 
in resonant frequency due to increasing the SDC of the 
sand from 0.0 to 0.4 represented 0.9% of the corresponding 
resonant frequency of the pile in air (concrete, N=1, 
\=0.5)" 
ii) a reduction in the predicted amplitudes of receptance 
at resonance and corresponding increases in the specific 
damping capacities of the embedded piles. The maximum 
reduction in receptance at resonance due to increasing the 
SDC of the sand from 0.0 to 0.4 represented about 0.8% of 
the receptance of the embedded pile (steel pile, N=1). 
The corresponding maximum increase in the SDC of the piles 
represented about 0.8% that of the embedded pile (steel, 
N=1). The reductions in the receptance values and 
corresponding increases in SDC of the embedded piles were 
greatest in piles with the largest amplitudes of 
receptance. This suggested that the increase in overall 
damping within the soil-pile model due to the material 
damping of the soil was a function of the amplitude of 
vibration, which is consistent with the discussion of 
damping experienced in the vibration tests on model piles 
(see Section 6.2.1.2). 
It can be concluded that, within the 
limits of this 
study, the material damping within the soil accounts 
for no 
more than 1.0% of the total energy dissipation predicted 
by 
the soil-pile model. 
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An increase in the value of Poisson's ratio of the soil 
beneath the pile tip from o. 0 to 0.5 produced: 
i) reductions in the predicted axial resonant frequencies 
up to a maximum of about 0.7% of the corresponding 
predicted values in air within the concrete pile (N=3) and 
about 0.1% in those of the steel pile (N=1); 
ii) small variations in the amplitudes of receptance at 
resonance. The maximum change due to a change in 
Poisson's ratio represented about 1.9% of the predicted 
amplitudes of receptance at resonance of the embedded pile 
(steel, N=1) ; 
iii) an increase in the predicted specific damping 
capacities. The maximum increase in the SDC of the pile 
due to an increase in the Poisson's ratio of the sand 
represented 2.0% of the SDC of the pile (steel, N=3, 
SDC=o. 2). 
It can be concluded that the effect of both the 
material damping and the Poisson's ratio of the soil beneath 
the pile tip on the predicted dynamic characteristics of the 
model piles is relatively small in comparison with the 
effect produced by embedment. Inaccurate assessment of 
either of these two soil properties would not be sufficient 
to account for the over-estimation of overall damping within 
the visco-elastic soil-pile model. 
6.2.2.2 Shear modulus of soil 
Values of shear moduli corresponding to 10%, 20%, 
30%, "", 90% of the values given 
by Eqn. 3.3.1 were used in 
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separate analyses to determine the predicted dynamic 
characteristics of the theoretical model piles described in 
Section 2.4.6. The relationships between the predicted 
axial resonant frequencies, amplitudes of receptance at 
resonance and specific damping capacities of the two piles 
and the value of K* (see Eqn. 2.4.14) are presented in Fig. 
2.10, Fig. 2.11 and Fig. 2.12, respectively. 
The predicted axial resonant frequencies of the piles 
were influenced by the value of the shear modulus of the 
soil. The change in a given resonant frequency relative to 
the corresponding resonant frequency in air was an increase 
if the value K* was less than 0.45, and a reduction if K* 
was greater than this value. The dynamic stiffness and 
damping effects of the soil are both functions of its 
dynamic shear modulus (see Eqns. 2.4.2. and 2.4.6). 
Therefore an increase in the value of the shear modulus 
increases both the stiffness and damping within the soil 
pile system. Hysteretic damping within a system reduces the 
resonant frequency obtained by amplitude determination from 
the corresponding resonant frequencies of a similar but 
undamped system (see Bishop and Johnson (1960)). The 
overall effect of increasing the shear modulus of the soil 
increased the contributions to the overall stiffness and 
damping of the soil-pile system such that the combined 
effect corresponded to that illustrated in Fig. 2.10. The 
overall damping within the soil-pile system increased in 
approximately linear proportion to the value of K* (see Fig. 
2.12). 
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Values of shear moduli, of dry sand which were 30% of 
those given by Eqn. 3.3.1 predicted amplitudes of receptance 
at resonance and SDC of the piles which were comparable to 
those determined in vibration tests of similar embedded 
model piles (see Table 4.5) in similar modes of resonant 
axial vibration. The assumption that K*=0.3 in the 
evaluation of the dynamic shear modulus of dry sand (see 
Eqn. 2.4.12) represents a simplification which was made to 
allow further study of the dynamic behaviour of embedded 
model piles to be made. The validity of the value of K* 
could only be confirmed by performing dynamic tests on 
samples of sand at frequencies and amplitudes of vibration 
and low confining pressures similar to those experienced in 
the tests on model piles. It was not possible to conduct 
such tests as no suitable apparatus was available. 
It can be concluded that the shear modulus of the soil 
is very significant in determining the predicted stiffness 
and damping effects of the soil supporting a model pile 
embedded in dry sand and subjected to resonant axial 
vibration. 
6.2.2.3 Volume of sand excited by pile vibration 
Dynamic analyses of embedded model piles using the 
linear-elastic soil-pile model (see Section 2.3) predicted 
very large reductions (up to a maximum of 51% of the 
corresponding resonant frequencies in air) 
in the resonant 
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frequencies (see Table 2.2) when a large volume of sand is 
assumed to be excited by the pile. It was crudely 
demonstrated in Section 2.3.3 that, by effectively removing 
the mass of the sand, the changes in resonant frequencies 
due to embedment became more comparable to those observed in 
the vibration tests on model piles (see Table 4.5). The 
effect of the additional mass and stiffness of the soil on 
the axial resonant frequencies of embedded piles was 
examined in Section 6.2.1.1. A study of the effect of the 
volume of sand within a given radius of the pile was made 
using the visco-elastic soil-pile model (see Section 
2.4.6.3). The effect of including the volume of soil within 
0.5,1.0,1.5 and 2.0 mm of the pile was studied in separate 
analyses. The predicted dynamic characteristics of the two 
theoretical model piles are presented in Figs. 2.13,2.14 
and 2.15. 
An increase in the volume of the sand vibrating with 
the pile within the limits of this study predicted: 
i) a reduction in the predicted axial resonant 
frequencies. The magnitude of the reduction increased in 
approximately linear proportion with increasing volume of 
the sand vibrating with the pile. The largest percentage 
reduction in the axial resonant frequencies of the pile 
represented about 6.1% of the corresponding values of the 
pile in air and occurred when sand within 2.0 mm was 
assumed to be vibrating with the concrete pile; 
ii) no significant change in the predicted amplitudes of 
receptance at resonance or the specific damping capacities 
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of the embedded piles. 
These effects are as expected since only the mass of 
the soil-pile system was increased. The stiffness and 
damping within the system remained unchanged. It can be 
seen from Eqn. 6.2.2 that an increase in the mass of the 
system in which the stiffness remained constant would cause 
a reduction in the resonant frequencies of the system from 
those determined before the additional mass was included. 
It can be concluded that the inclusion of the sand 
within 0.5 mm of the vertical soil-pile interface is 
sufficient to influence the resonant axial vibration of the 
embedded model piles. The inclusion of the volume of soil 
beyond this limit predicts changes in the axial resonant 
frequencies of the piles due to embedment which are 
different in nature to those experienced in vibration tests 
on model piles. 
6.2.2.4 Depth of embedment 
The effect of the depth of embedment on the predicted 
dynamic characteristics of both the concrete and steel 
theoretical piles described in Section 2.4.6 were studied, 
and were found to be similar in each pile. The changes in 
the predicted axial resonant frequencies (expressed as 
percentages of the corresponding resonant frequencies in 
air) due to increasing depth of embedment are presented 
in 
Fig. 2.16. The corresponding changes in the predicted 
- 6.43 - 
amplitudes of receptance at resonance of the piles are 
illustrated in Figs. 2.17 and 2.18, respectively. A 
comparison was made with the corresponding experimental 
results relating to similar piles which are shown in Figs. 
4.17,4.18 and 4.19, and which are discussed in Section 
6.2.1.3. 
The variation in the predicted dynamic characteristics 
of the embedded piles showed similar trends to those 
observed in the experimental results, i. e. the axial 
resonant frequencies and specific damping capacities of the 
piles increased in approximately linear proportion with 
increasing depth of embedment, while the greatest reduction 
in the amplitudes of receptance at resonance occurred at low 
levels of embedment, i_-e. when less than about 15% of the 
pile was embedded in sand. Thus the visco-elastic soil 
model can be seen to predict the changes in the dynamic 
characteristics of uniform piles due to changes in the depth 
of embedment. 
6.2.2.5 Axial strain mode shapes 
The predicted axial strain mode shapes of the Cl and 
S2 piles were determined in the first three modes of 
resonant axial vibration using the receptance technique 
described in Section 2.4.5. The predicted strain modes 
shapes of the Cl pile are illustrated 
in Fig. 2.19; those of 
the S2 pile are presented in Fig. 2.20. The general 
appearance of the mode shapes 
is comparable to that of the 
- 6.44 - 
axial strain mode shapes determined in the vibration tests 
on the piles in sand, and is a further indication of the 
validity of the visco-elastic soil model in representing the 
resonant axial vibration of the embedded model piles. 
6.3 Defects within freely suspended model piles 
6.3.1 Effect on the dynamic characteristics of freely 
suspended model piles 
The measured axial resonant frequencies, amplitudes of 
receptance at resonance and specific damping capacities of 
the defective model piles determined from the results of 
vibration tests in air are presented in Table 4.8. 
In the following text where comparisons are made 
between the dynamic characteristics of defective and uniform 
model piles, the term "similar uniform pile" is used to 
refer to a pile of the same material and overall length as 
the defective pile, but having a constant diameter equal to 
that of the shaft of the defective pile. 
6.3.1.1 Axial resonant frequencies 
The measured axial resonant frequencies of the freely 
suspended model piles with neck and bulb defects were in 
general different from the resonant frequencies of similar 
uniform piles in similar modes of vibration. In certain 
modes of vibration of some defective piles 
(e. g. S2N3, N=2) 
the resonant frequencies were higher than the corresponding 
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resonant frequencies of a similar uniform pile (S2, see 
Table 4.4). Other resonant frequencies of defective piles 
were found to be lower than the corresponding resonant 
frequencies of similar uniform piles. The maximum 
difference between corresponding resonant frequencies of 
defective and similar uniform piles in similar modes of 
vibration represented about 30% of the resonant frequency of 
the uniform pile (e. g. C1OB1, N=2, and C1.2B1, N=1). The 
dynamic effect of a neck or bulb defect on the resonant 
frequencies of a pile is therefore not necessarily the same 
as that of a crack defect, which was found only to reduce 
the resonant frequencies from those of the uncracked pile. 
This can be demonstrated by comparison of the resonant 
frequencies of the cracked piles (see Table 4.8(a)) with the 
corresponding resonant frequencies of similar uniform piles 
(see Table 4.4) in similar modes of vibration. The size of 
the reduction in resonant frequencies from the corresponding 
frequencies of the uncracked pile increased with increasing 
severity (depth) of the crack, as ca. n be seen by comparison 
of the resonant frequencies of the C4, C4C1 and C4C2 piles. 
The dynamic effect of a crack was consistent with the 
findings of Adams et al. (1978), who studied the resonant 
frequencies of bar-type structures before and after the 
introduction of a crack. A crack within a. pile represents a 
localised reduction in the pile stiffness, which, in the 
absence of a corresponding reduction in the mass of the 
pile, results in lower resonant frequencies of the cracked 
pile than those of the uncracked pile in similar modes of 
vibration (see Eqn. 6.2.1). 
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The differences between the resonant frequencies of a 
pile with a bulb or neck defect and the corresponding 
resonant frequencies of a similar uniform pile in similar 
modes of vibration are explained by considering the 
defective pile as a simple system comprising three sections 
of pile (see Fig. 2.9). Adopting a similar approach to that 
described in Eqn. 6.2.1 (which relates to the resonant 
frequencies of freely suspended uniform piles), the resonant 




Wr =C (Kl +I +K3) M3 .... Eqn. 6.3.1 
where K1 = dynamic stiffness of the first section of pile; 
K=.. .... .... .... .. 
2 middle 
.... .... .. 
.... .... .., K3= It II 11 of it of It 11 third 
' 
M= combined mass of the system. 
The dynamic axial stiffness of a pile section is the inverse 
of its receptance (see Sections 2.2.2 and 2.4.3.1). Eqns. 
2.2.5 and 2.4.4 indicate that the receptance (and therefore 
the dynamic stiffness) of a pile section is a function of 
its cross-sectional area, length, the properties of the pile 
material and the frequency of excitation. An increase 
in 
the diameter of a pile section remote from the ends of the 
pile increases the values of both K2 and M. The position on 
the pile of the enlarged section influences the value of 
Kl 
and K3. The overall dynamic effect of a 
localised bulb or 
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neck defect on the resonant frequencies of a. freely 
suspended pile is therefore a complex function of the type, 
size and position of the defect and the frequency of 
excitation. 
The variations in the first three predicted axial 
resonant frequencies of freely suspended defective model 
piles from the corresponding resonant frequencies of similar 
uniform piles are illustrated in Figs. 2.21-2.26 for various 
sizes and positions of defect. The analysis by which these 
values were obtained is described in Section 2.5. In 
general, the difference between the predicted resonant 
frequencies of a pile with a bulb or neck defect at a given 
position and the corresponding resonant frequencies of a 
similar uniform pile increased with increasing length of the 
defect and increasing deviation from the cross-section of 
the rest of the pile. However, this was not a linear 
relationship, as can be demonstrated by considering the 
positions of the defect where the axial resonant frequencies 
of the defective piles were numerically equal to the 
corresponding resonant frequencies of a similar uniform 
pile. In Fig. 2.21, which illustrates the predicted changes 
in resonant frequencies of a freely suspended concrete pile 
due to a small bulb defect, the first resonant frequency of 
the defective pile is equal to that of a similar uniform 
pile when the defect is positioned at 0.345 m from the end 
of the pile. However, Fig. 2.22 (which relates to the 
changes in resonant frequency due to a bulb defect of the 
same length but larger diameter) indicated that the first 
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resonant frequencies of the defective and uniform piles were 
numerically equal when the defect was 0.385 m from the end 
of the pile. This implies that a "sensitivity" approach 
such as that described by Adams et al. (1978) for detecting 
cracks in freely suspended bars is unsuitable for locating 
bulb or neck defects within similar structures. 
The curves representing the variations in the predicted 
axial resonant frequencies of freely suspended defective 
piles with a single neck or bulb defect from the 
corresponding resonant frequencies of a similar uniform pile 
are symmetrical about the mid-point of the pile (see Figs. 
2.21-2.26). The explanation for this symmetry is given by 
consideration of the values of K1 and K3 (see Eqn. 6.3.1) 
within the simple model representing the defective pile. 
The values of K1 and K3 of the model representing the pile 
with its defect on one side of the mid-point of the pile 
correspond to the values of K3 and K1 in the model 
representing the pile with its defect at an equal distance 
on the opposite side of the mid-point. The values of K2 and 
M are independent of the position of the defect. Hence it 
can be seen from Eqn. 6.3.1 that the resonant frequencies in 
similar modes of vibration of the defective pile are 
identical for both (symmetrical) positions of the defect. 
6.3.1.2 Amplitudes of receptance at resonance 
The amplitudes of receptance at resonance measured in 
similar modes of vibration of the C9B1, C1OB1 and C11B1 
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piles (i. e. concrete piles with bulb defects of identical 
size but at different positions on the pile shaft) varied 
considerably with the position of the defect on the shaft 
and the mode of vibration (see Table 4.8(b)). The minimum 
and maximum amplitudes of receptance at resonance of these 
piles were O. 73x1O-8 m. /N (C11B1, N=3) and 71.12x10-8 m/N 
(C11B1, N=1), respectively. The difficulty in obtaining 
repeatable values of the amplitudes of receptance at 
resonance in the steel piles due to very low material 
damping (see Section 6.1.3) did not permit conclusions to be 
drawn on the effect of a neck defect on the receptance at 
resonance of freely suspended steel piles. 
The differences between the measured amplitudes of 
receptance at resonance of the concrete piles with bulb 
defects in similar modes of vibration are explained by 
consideration of the receptances of each section of pile 
which comprises the defective pile (see Fig. 2.9). The 
receptances of each section of pile are a function of the 
geometry of the pile section, the properties of the material 
and the frequency of excitation. The direct receptance of a 
pile with a defect was shown in Section 2.4.3.3 to be a 
function of the receptances of each of the pile sections and 
is thus a complex function of the dimensions of the pile and 
its defect, the properties of the material and the frequency 
of excitation. Therefore the amplitude of receptance at 
resonance of a defective pile with a bulb of given size 
would be expected to vary with its position on the pile. 
The predicted amplitudes of receptance at resonance of 
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defective piles (see Figs. 2.27-2.32) which were determined 
using the analysis in Section 2.5, are seen to be related to 
the size, type and position of the defect and the mode of 
resonant axial vibration. The deviation from the amplitudes 
of receptance predicted within similar uniform piles in 
similar modes of resonant vibration (see Table 2.1) 
generally increased with increasing size of defect. The 
symmetry about the mid-point of the pile seen in Figs. 
2.21-2.26 (which represent the variations in the predicted 
resonant frequencies of defective piles with the position of 
a given size of defect) was not present in the curves 
representing the corresponding variations in the amplitudes 
of receptance at resonance of the defective piles. This is 
an important observation, since it may permit a unique 
position of a defect to be identified from the results of 
analyses of defective piles (see Section 6.3.2). 
6.3.1.3 Specific damping capacities 
The measured values of the specific damping capacities 
of the defective piles in air showed no significant 
variation from the values in similar uniform piles presented 
in Table 4.4. Thus the values of SDC of the model piles 
investigated in this study were confirmed as a function of 
the material of each pile and unrelated to 
its geometry. 
This suggests that would be impossible to use measured 
values of specific damping capacities of a 
freely suspended 
pile as a means of detecting a neck or 
bulb defect within 
such a structure. 
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The predicted specific damping capacities of the piles 
with neck and bulb defects presented in Figs. 2.33-2.38 in 
general did not vary significantly from the corresponding 
values predicted. within similar uniform piles (given in 
Table 2.1) determined using similar values of the damping 
constant p (see Eqn. 2.2.4). However the predicted specific 
damping capacities in the higher modes of vibration of the 
concrete piles with bulb defects at certain sensitive 
positions were substantially higher (up to a maximum of 
150%) than the values predicted within similar uniform 
piles. The higher values of SDC were predicted in 
situations where the position of the defect was such that 
the predicted amplitudes of receptance at resonance of the 
defective piles were very low (see Figs. 2.27-2.32) and only 
marginally greater than the amplitudes of receptance 
predicted at off-resonant frequencies of excitation. Thus 
the half-power points of the relationship between the 
predicted receptance and frequency of excitation of the pile 
(see Eqn. 2.2.11) were remote from the resonant frequency, 
resulting in higher predicted values of SDC of the pile. It 
was not possible to confirm that the higher values of SDC 
occurred in real piles since none of the positions of the 
bulbs within the real concrete piles corresponded to a 
position where such a defect was predicted to produce such 
an effect (see Fig. 2.34). 
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6.3.2 Location and evaluation of defects 
The predicted sizes and positions of the bulb and neck 
defects within the model piles are presented in Table 5.2 
and are shown together with the real sizes and positions of 
the defects for ease of comparison. The predicted sizes and 
positions were determined using the defect evaluation 
methods described in Chapter 5 and the measured axial 
resonant frequencies of the defective piles in air. A 
selection of the graphs from which these results were 
obtained is presented in Figs. 5.1-5.4 to illustrate the 
accuracy of the techniques. 
It can be seen from some of the graphs (e. g. Fig. 
5.1(b)) which were produced to locate the defects using 
Method 2 (see Section 5.1) that some of the curves appear to 
branch from a single line into two separate lines. This is 
the result of the method of solution for (A2/A1) in Eqn. 
2.6.9, which relied upon the standard solution of a 
quadratic equation. In certain situations the geometry of 
the defective pile and the frequency of excitation are such 
that the value of the discriminant (b2-4a c) of the 
iii 
expression given in Eqn. 2.6.9 is very close to zero. Thus 
the effect of the value of the discriminant on the values of 
(A 
2%Al) calculated using 
the positive and negative roots of 
the expression is negligible. Therefore the two values of 
(A2/Al) appear on the graph as a single point. Successive 
values of L1 where this situation exists produce a single 
curve representing both sets of values of (A 2/A, ). The 
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values of (A2/A1) diverge when the value of the discriminant 
is no longer negligible, with the result that the curve 
appears to branch. No such brancring was seen in the curves 
obtained using Method 1, which implies that Method 1 is the 
better technique since its interpretation is less complex. 
Two positions of the defect (each equidistant from the 
mid-point of the pile) were predicted in each defective pile 
by both methods of analysis relating to neck and bulb 
defects. The suggested values of (A2/Al) were identical at 
each suggested position of the defect within any given pile. 
This phenomenon was to be expected from the discussion of 
the effect on the resonant frequencies of a pile of defects 
of similar size and which were equidistant from the 
mid-point of the pile (see Section 6.3.1.1). Two sets of 
predicted amplitudes of receptance at resonance were 
determined for each of the suggested pile geometries at each 
of the resonant frequencies of the defective pile (see Table 
5.1). Comparison between the predicted and measured values 
of receptance at resonance of the freely suspended concrete 
piles with bulb defects (see Table 4.8) indicated which of 
the suggested positions of the defect was its real position. 
However, the difficulty in obtaining reliable values of the 
amplitudes of receptance of the steel model piles in air 
(discussed in Section 6.1.3) did not permit the unique 
position of the defect to be identified in many of the 
defective steel model piles. 
- 6.54 - 
In general, the two different methods of determining 
the size and position of neck and bulb defects showed 
clearly the position and size of the defect within the pile. 
In the majority of piles tested, the accuracy of the 
predicted characteristics was within: 
i) about 3% of the overall pile length in determining the 
position of the defect (ignoring the predicted alternative 
site of the defect); 
ii) about 5% of the overall. pile length in determining the 
length of the defect; 
iii) about 5% of the cross-sectional area of the shaft of 
the pile in determining the cross-sectional area of the 
defect, although this degree of accuracy was not attained 
in the results relating to the large bulb defects. 
Thus the agreement between the predicted and real sizes 
and positions of the defect was generally within limits 
which are acceptable to engineering practice, although the 
accuracy decreased if: 
i) the length of the defect was very short; 
ii) the position of the defect was close to the end of the 
pile. 
This loss of accuracy was attributed in the above situations 
to inaccuracies in the evaluation of the receptances of very 
short sections of pile. The expressions representing the 
receptances of sections of bar given in Section 2.2.2 which 
were used in the analysis of defective piles become less 
accurate as the ratio of length : diameter of the pile 
section decreases. This also explains the loss of accuracy 
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in determining the cross-sectional areas of the large 
diameter bulb defects. 
The analyses of the steel piles with two defects (such 
as that shown in Fig. 5.5) failed to indicate the size or 
position of either of the two defects within each pile. 
This was not unexpected, since six unknown quantities (the 
length, cross-sectional area and position of each defect) 
were present within the pile, and only three had been 
considered in the analysis. The presence of some form of 
defect was detected, since the axial resonant frequencies 
were different from those of a similar uniform pile (S10) in 
similar modes of vibration. However, no further information 
regarding the type, size and position of the defect(s) could 
be established. 
Fig. 5.10 illustrates the results of the analyses of a 
typical freely suspended cracked pile (C4C2). The real 
position of the crack is indicated on the graph as a 
horizontal dashed line. The predicted positions of the 
crack defects within the defective piles are presented 
in 
Table 5.2. The real positions of the cracks are also 
presented in Table 5.2 for ease of comparison. 
Two possible locations for each crack were suggested 
by 
the analysis of each cracked pile, each equidistant 
from the 
mid-point of the pile. The explanation of this 
is similar 
to that above regarding the two suggested positions of 
the 
neck and bulb defects. In general the 
differences between 
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the predicted and real positions of the crack (ignoring the 
alternative site of the defect) represented less than 3.0% 
of the overall. length of the pile. It was shown by Adams et 
al. (1978) that the value of EA/K at the position of the 
crack increased with increasing severity of a crack. The 
results presented in Table 5.2 also indicate that this was 
so in the cracked piles tested in this study. Thus the 
value of EA/K is an indicator of the severity of the crack. 
6.4 Defects within embedded defective model piles 
The measured values of the axial resonant frequencies, 
amplitudes of receptance at resonance and specific damping 
capacities of the defective model piles embedded in dry sand 
are presented in Table 4.8. The method by which these 
values were obtained is described in Section 4.5.1. 
6.4.1 Dynamic characteristics of embedded defective model 
piles 
In general the effects of embedment in dry sand on the 
dynamic characteristics of the defective model piles were 
very similar to those observed in uniform piles after 
similar embedment in sand. 
The changes due to embedment in dry sand in the axial 
resonant frequencies of the model piles with neck and crack 
defects were generally of the same size and nature as those 
observed in the vibration tests on the uniform model piles. 
The explanation for these changes in the resonant 
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frequencies of the piles when embedded in sand was discussed 
in Section 6.2.1.1. Some of the axial resonant frequencies 
of the concrete piles with bulb defects (e. g. C9B1, N=1) 
were found to be higher in sand than the corresponding 
resonant frequencies in air. However, other resonant 
frequencies of the same piles (e. g. C9B1, N=3) were lower in 
sand than the resonant frequencies in similar modes of 
vibration in air. No identifiable trend can be seen in 
Table 4.8(a) regarding the change in resonant frequencies of 
these piles due to embedment in sand, although the effect is 
thought to be related to the contributions to the vibration 
of the soil-pile system from the sand immediately above and 
below the bulb. 
The measured amplitudes of receptance at resonance of 
the embedded defective model piles were considerably lower 
than those determined within the same piles in similar modes 
of vibration in air, as was expected from the discussion in 
Section 6.2.1.2 of the damping effects of the sand. 
Accordingly, the specific damping capacities of the 
defective piles in sand were higher than the values 
determined within the piles in air. Comparison of Tables 
4.5 and 4.8(c) reveals that the effect of embedment in dry 
sand produced similar increases in the overall damping 
within the vibration of both the defective and uniform model 
piles. 
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6.4.2 Location and evaluation of defects 
The predicted sizes and positions (ignoring the 
alternative sites) of neck defects determined from the 
analyses described in Section 5.1 and the resonant 
frequencies of the embedded defective piles are presented in 
Table 5.2. A selection of the graphs from which the 
predicted characteristics of the defects were obtained is 
presented in Figs. 5.6-5.9 to illustrate the accuracy of the 
techniques when applied to embedded model piles. 
The characteristics of the neck defects within the 
embedded steel piles were generally determined without 
difficulty from the results of the analyses. The 
differences between the real and predicted sizes and 
positions of the neck defects were generally greater than 
those obtained from the axial resonant frequencies of the 
piles in air. This loss in accuracy may have been the 
result of inaccuracies within the soil-pile model, or the 
simplifications regarding the values of the dynamic shear 
modulus of dry sand (see Eqn. 2.4.14) used in the analyses. 
A source of error within the soil-pile model when applied to 
defective piles was the omission of any consideration of the 
compression of the soil immediately adjacent to the 
defect. 
In the experimental tests on model piles with neck 
defects 
the regions around the necks were filled by sand 
falling 
into place during the installation of the pile. 
The effect 
of this sand in the vibration of the soil-pile system 
was 
taken into account on the vertical surface of the neck, 
but 
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its effect on the horizontal surfaces of the defect was 
ignored. In real piles with neck defects this omission may 
be insignificant since the region close to a neck defect may 
be void or contain disturbed soil of reduced stiffness. 
The analyses of the embedded defective piles with large 
bulb defects failed to indicate the size or position of any 
of the defects. An example of this is presented in Fig. 
5.99. The explanation for this failure is thought to be the 
omission within the analysis of the dynamic effect of the 
soil immediately above and below the bulb. The analyses of 
the defective piles considered only the dynamic compression 
of the soil beneath the pile ti. p. The contact area, between 
the pile and the soil over which compressional waves were 
transmitted to the soil was about twenty to twenty-five 
times greater for the embedded concrete piles with bulb 
defects than it would have been had the defects not been 
present. Thus the consideration of the dynamic compression 
of the soil immediately above and below the bulb defect may 
be very significant in determining the vibrational response 
of an embedded pile with such a defect. A further 
development of the soil-pile model to include the dynamic 
compression of the soil above and below the 
defect might be 
possible using expressions similar to those presented 
in 
Section 2.4.3.2 representing the receptance of the soil 
beneath the pile tip. 
Two positions of the neck defects were 
identified from 
the graphical results of the analyses of each embedded 
pile 
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with such a defect (see Figs. 5.6-5.8). The suggested 
positions of the defect were equidistant from the mid-point 
of the pile in each case, and both positions corresponded to 
identical values of (A2/A1). The explanation for this was 
given in Section 6.3.2. The contributions to the stiffness 
and mass of the soil-pile system from the sand, as discussed 
in Section 6.2.1, were insufficient to enable only the real 
position of the neck to be identified. from the analyses. 
The predicted amplitudes of receptance of each embedded 
model pile with a neck defect were calculated for both 
suggested geometries of the pile at each of its three 
resonant frequencies, and are presented in Table 5.1. 
Comparison between Tables 4.8(b) and 5.1 revealed that 
neither of the predicted amplitudes of receptance of any 
given defective pile in a given mode of vibration was equal 
to the measured amplitude of receptance of the pile in the 
same mode. Furthermore, comparison of the differences 
between the predicted and measured amplitudes of receptance 
of the embedded defective piles in a given mode of vibration 
did not indicate conclusively the real position of the neck 
defect. The differences between the measured. amplitudes of 
receptance at resonance of the pile and those predicted 
using the correct pile geometry in similar modes of 
vibration are thought to be the result of the inaccuracies 
of both the soil-pile mode]. and the dynamic properties of 
the soil outlined above. 
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The defects within the embedded cracked piles were 
located using the analyses described in Section 5.2. 
Typical results relating to embedded model piles with crack 
defects are presented in Figs. 5.11 and 5.12. The predicted 
positions of the cracks are presented in Table 5.2 (ignoring 
the alternative site). The real positions of the crack are 
also presented in Table 5.2 for ease of comparison. In 
general the accuracy in determining the position of the 
crack within the embedded piles was very similar to that 
within the piles in air, i. e. to within about 3% of the 
overall length of the pile. Thus the presence of the sand 
had little effect on the accuracy of the results relating to 
cracked piles, unlike those obtained for piles with bulb 
defects. 
In analysing a suspect prototype pile a decision must 
be made as to which of the two methods of defect analysis 
ought to be adopted, this choice depending on the type of 
defect. At the time of testing a real pile of suspect 
integrity, the type of pile and its history would normally 
suggest which of the two models of defective piles was more 
appropriate. Cast in-situ concrete piles which are tested 
within a few days of manufacture are more likely to have 
bulb or neck defects than crack defects. Driven pre-cast 
concrete or steel piles are susceptible to crack damage 
if 
overdriven. A summary of the causes of the more common 
faults within piles was presented in Table 1.1. Thus 
it is 
possible to gain some indication of the type of 
defect that 
may be present within a suspect pile before the analysis of 
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its dynamic characteristics is commenced, and hence an 
appropriate model. of the suspect pile can be adopted. 
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
RESEARCH 
A series of vibration tests was performed to determine 
the dynamic characteristics of concrete and steel model 
piles in the first three modes of resonant axial vibration 
both in air and in dry sand. 
The method of testing was successful in locating 
the axial resonant frequencies of both steel and concrete 
model piles both in air and in sand. The amplitudes of 
receptance at resonance and the specific damping capacities 
were also successfully evaluated, although in the case of 
steel piles in air, the values could not be so accurately 
determined., due to the very low damping within the material. 
The vibration tests on model piles in air indicated 
that the material damping within concrete was hysteretic 
(frequency independent) in nature, and at least ten times 
greater than that within steel. 
The axial resonant frequencies of the model piles in 
sand were generally higher than those determined in similar 
modes of vibration in air. The general increases in 
resonant frequencies due to embedment were the net result of 
the contributions to the stiffness and mass of the soil-pile 
system from the volume of the sand excited by the vibration 
of the pile. The relative increases in the resonant 
frequencies of a given pile due to embedment decreased in 
the higher modes of vibration, owing to the lower amplitudes 
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of axial displacements in those modes. The maximum increase 
in resonant frequency of a given mode of vibration due to 
embedment was 50 Hz, which. represented about 2.3% of the 
resonant frequency of the pile in air, and occurred in the 
first mode cf the C2 pile. 
The overall damping measured within the model piles was 
considerably higher in sand than in air. The increase in 
damping was greatest in piles undergoing the largest 
amplitudes of vibration. The vibration tests indicated 
that, depending on the pile material and mode of vibration, 
between 90 and 98% of the total energy dissipation within a 
fully embedded model pile occurred. within the sand. In a 
given pile the proportion of energy dissipated within the 
sand to that dissipated within the pile decreased in the 
higher modes of vibration, due to a decrease in the volume 
of sand excited by the pile in these modes. The predominant 
mechanism by which most energy was dissipated within the 
sand could not be identified, although tests on partially 
embedded piles indicated that overall damping within the 
piles increased in approximately linear proportion to the 
depth of embedment. The results of vibration tests on a 
fully embedded special concrete model pile with very soft 
material below its base suggested that about 
20% of the 
total energy dissipation occurred within the sand 
below its 
base. Tests performed on a fully embedded steel pile before 
and after its surface was roughened 
indicated that the 
overall damping within a given mode of vibration of 
the 
embedded pile increased by approximately 
30° when the 
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texture of the surface was rough compared to that when the 
surface was smooth. 
The maximum amplitudes of axial displacements and 
axial strains that occurred during resonant axial vibration 
of the embedded model piles were determined as approximately 
0.0005 mm and 9.9x10 
7, 
respectively. The normalized axial 
strain mode shapes of the two embedded model piles equipped 
with strain gauges were determined at 25%, 50%, 75% and 100% 
embedment in dry sand, and were similar in appearance to 
those determined in air in similar modes of resonant axial 
vibration. This indicated that the sand had little effect 
on the normalized vibration mode shapes of the model piles. 
A standard method of solution for the forced vibration 
of structural. systems using finite element analysis, i. e. an 
eigensolution and subsequent mode superposition analysis, 
was rejected as a means of determining the dynamic response 
of an embedded pile excited in resonant axial vibration. 
The assumption of viscous damping within the method of mode 
superposition was found to be inappropriate, and 
the 
requirement of a single value to represent material 
damping 
within both the soil and the pile was a 
further 
disadvantage. 
A. major improvement was made in the method of solution 
of an existing visco-elastic soil-pile model. 
Using 
receptance theory, the computer 
time required to predict the 
direct receptance of an embedded pile at a pre-determined 
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frequency of excitation was reduced to about 8-10% of that 
required using the existing method of solution. The 
improved method of solution obviates the need for a 
sophisticated computer and enables the calculations to be 
performed on a small desk-top micro-computer. Further, the 
existing visco-elastic soil-pile model was modified to 
include hysteretic (frequency independent) damping within 
the pile material, and to include a contribution to the mass 
of the soil-pile system from the soil adjacent to the pile. 
The modified visco-elastic soil-pile model was used to 
study the resonant axial vibration of uniform model piles 
embedded in dry sand, and the relative influence of the 
dynamic properties of the sand was investigated. The 
dynamic shear modulus of the soil was found to exert the 
greatest influence on the predicted dynamic characteristics 
of the embedded piles at resonance. The influences of the 
material damping and Poisson's ratio of the soil were minor 
when compared to that of the dynamic shear modulus of the 
soil. Thus differences between the predicted and measured 
dynamic characteristics of similar model piles in similar 
modes of resonant axial vibration were attributed mainly to 
the inaccurate assessment of the dynamic shear modulus of 
dry sand. The dynamic properties of the sand used in the 
experimental study could not be determined directly, owing 
to the lack of suitable apparatus. No information was 
available from existing literature regarding the dynamic 
properties of dry sand at low confining pressures and high 
frequencies of excitation similar to those experienced in 
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the vibration tests on model piles. The values of the 
dynamic properties used in the analyses were the best 
available from the results of previous researchers. It was 
realised that the conditions under which these values were 
applied were not exactly the same as those in which they 
were obtained. Comparison of measured and predicted dynamic 
characteristics of similar model piles in similar modes of 
vibration indicated that the predicted changes in resonant 
frequency and overall damping due to embedment were 
over-estimated using existing expressions for the dynamic 
shear modulus of dry sand. A reduction in the values of 
dynamic shear modulus of the sand to 30° of that given by 
existing expressions produced comparable predicted and 
measured results. In view of the above uncertainties, a 
study of the dynamic properties of dry sand when subjected 
to very low confining pressures (less than about 20 kN/m2) 
and frequencies of excitation in excess of 2 kHz would be a 
worthwhile topic for future research. 
Comparison between the measured and predicted dynamic 
characteristics of similar uniform model piles embedded 
in 
dry sand suggested that only the mass of the sand within 
C. 5 
mm of the vertical soil-pile interface need 
be considered in 
the analysis of such piles. 
The dynamic characteristics of model piles with neck, 
bulb and crack defects were examined 
in the first three 
modes of resonant axial vibration. 
The presence of a bulb 
or neck defect within a 
freely suspended model pile can 
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result in considerable differences between both the resonant 
frequencies and amplitudes of receptance at resonance of the 
defective pile and the corresponding values of a uniform 
pile of the same material and overall dimensions in similar 
modes of vibration. The size and nature of any differences 
in these values from those of a uniform pile are related to 
the type, size and position of the defect and the mode of 
vibration of the pile. The dynamic effect of a neck or bulb 
defect within a pile was shown to be capable of producing 
both increases and decreases in resonant frequencies. 
However, a crack defect was shown only to reduce the 
resonant frequencies of a pile. 
The measured specific damping capacities of the pile 
were generally unaffected by the presence of a defect. In 
certain cases where large bulb defects exist at sensitive 
positions within a pile, the predicted specific damping 
capacity of the pile may be significantly higher than that 
within a uniform pile of the same material. 
Two models of defective piles were presented, one 
representing a pile with a neck/bulb defect, the other 
representing a cracked pile. The two models were each 
capable of analysing both freely suspended and embedded 
piles. The data required by each model were the overall 
dimensions and material properties of the pile, the dynamic 
properties of the soil supporting the pile, and 
three axial 
resonant frequencies of the pile. 
Two methods of solution 
were formulated for the model representing a pile with 
a 
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neck/bulb defect, one more complex than the other. The 
results obtained using one method of solution were used to 
verify the results from the other method. 
The measured axial resonant frequencies of the 
defective model. piles in air were used together with the 
appropriate analytical model to locate the neck, bulb and 
crack defects within the piles. It was found in each case 
that two positions of the defect were identified (each 
equidistant from the mid-point of the pile), one of which 
corresponded to the real position of the defect. The 
difference between the real and predicted positions of the 
defect (ignoring the alternative site) was in general less 
than 3% of the overall length of the pile. The length of 
the defective pile section (in the case of a neck or a bulb 
defect) was indicated to within 5% of the overall length of 
the pile. The cross-sectional areas of the neck defects 
were indicated to within about 5% of that of the shaft of 
the corresponding pile, although the accuracy decreased when 
piles with large bulbs defects were analysed. The real 
position of the bulb defects within the concrete piles in. 
air was indicated by comparison of the measured amplitudes 
of receptance at resonance with the values predicted using 
the suggested pile geometries. However, the low damping 
within steel did not permit the real position of the neck 
defects within the steel piles in air to be identified from 
the two suggested positions of each defect. 
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The tests on piles with more than one defect indicated 
that substantial changes in resonant frequencies were 
Possible due to the presence of the defects. No information 
about the size or nature of the defects could be identified 
from the results of the analyses of the resonant frequencies 
of these piles, since the models on which these analyses 
were based represented a pile with a single defect. The 
possibility of extending this study to incorporate piles 
with more than one defect would be a possible topic for 
future research. Three unknown quantities, i. e. the length, 
cross-sectional area, and position of the defect, are 
introduced for every neck or bulb defect that is considered 
within a pile. The analysis of such a system would 
therefore be extremely complex, and the final results would. 
require very careful interpretation. 
The neck and crack defects within the embedded model 
piles were indicated in the results of the analyses, 
although, again, two positions of the defect were suggested 
in each case. It proved impossible to determine which of 
the two positions of the defect corresponded to its real 
position. The accuracy of the predicted characteristics of 
neck and crack defects (ignoring the alternative sites of 
the defects) was comparable to that obtained when analysing 
the piles in air. 
The analyses failed to indicate the size or position 
of the large bulb defects within the embedded 
concrete 
piles. The presence of a defect. was apparent 
from the 
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resonant frequencies of the pile, which were substantially 
different from those that would have been expected had the 
bulb not been present. The failure of the analyses to 
indicate the characteristics of the bulbs was attributed 
mainly to the omission within the soil-pile model of any 
consideration of the dynamic effect of the soil immediately 
above or below the bulb. The inclusion of this effect 
within the soil-pile model representing a pile with such a 
defect would be a further worthwhile development of this 
research. 
It is suggested that further research should be 
directed towards the study of resonant axial vibration of 
in-situ prototype piles with a view to establishing the 
accuracy of the visco-elastic soil-pile model in predicting 
the dynamic response of the pile in such situations. The 
dynamic characteristics of prototype piles with manufactured 
neck or crack defects should also be studied so that the 
validity of the soil-pile model when applied to defective 
prototype piles can be established. 
The advantages of the resonant vibration testing of 
piles over other forms of test are that the whole structure 
of a pile can be examined by the investigation of its 
dynamic response at a single point, i. e. the top of the 
pile, and boreholes or other extensive preparations of the 
pile prior to testing are not required. Piles may be tested 
at any time after construction, which in the case of cast 
in-situ concrete piles is after the wet concrete has 
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hardened. The apparatus required to perform the vibration 
tests is already commercially available. The results of the 
analyses of defective piles are produced in graphical format 
for ease of interpretation. The size of neck defects within 
embedded piles can be determined to an acceptable level of 
accuracy, although their position is indicated only as one 
of two sites. Determination of the real position of the 
defect may be unimportant in many cases, since it is the 
cross-sectional area of the pile at. the defect wrick is of 
prime interest. Previous research has indicated that an 
estimate of the load-settlement behaviour of a pile can be 
obtained from its response to low frequency vibrations. 
The disadvantages of the resonant vibration test and 
subsequent analyses of embedded defective piles as described 
in this study are that the size and position of bulb defects 
cannot be identified, and that no direct indication of the 
extent of a crack defect is possible. The presence of a 
minor crack within a pile may be unimportant, since a 
compressive axial working load on the pile may have the 
effect of closing the crack and preventing any further 
deterioration of the pile. Further, the test method 
does 
not provide an estimate of the ultimate 
load capacity of the 
pile, and thus the final acceptance of a pile with a 
known 
defect is left to the discretion of the engineer. 
A further disadvantage of the resonant vibration method 
of testing is the length of time required 
to test a pile 
(about 1 hour), which is about four or five times as 
long as 
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that required by the shock test method (see Appendix 1), 
although more information about the pile is revealed by the 
resonant vibration test. It is envisaged that the method of 
test and analyses of defective piles described in this study 
would be most applicable to piles which have been indicated 
as suspect by other more rapid forms of test such as the 
shock test method. 
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APPENDIX 1 DESCRIPTION OF TESTS PERFORMED ON PILES 
A1.1 MATERIAL TESTS 
A1.1.1 Coring 
A traditional and very common means of investigating a 
suspect pile is to core-drill into the pile material in a 
direction along the axis of the pile to a point near the 
base. The core is removed and examined for structural 
homogeneity. A limited amount of information may be 
inferred from the resistance to drilling and the colour and 
composition of the returned flushing medium. 
The test requires skilled systematic workmanship as the 
ability of the driller can significantly affect the quality 
of the recovered core. The method is both expensive and 
time consuming, requiring two days to drill about 35 feet of 
concrete pile. 
A1.1.2 Percussion drilling 
The method of drilling a hole into a concrete pile by 
means of percussion equipment is gaining acceptance as an 
alternative form of investigation to core-drilling. As with 
the latter method, limited information is available from the 
drilling resistance and the returned flushing liquid. 
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The drilling equipment consists of a rotary drill 
linked to a percussion hammer which serves to push the drill 
bit hard into the concrete so that rapid penetration is 
achieved. Defects are sometimes evident from increases in 
the penetration rate. 
With the percussion drill removed, the internal 
structure of the borehole may be examined by means of a 
remotely controlled camera (closed circuit television or 
flash camera) or by using either caliper or acoustic logging 
methods. 
The use of a 35 mm camera linked to an electronic flash 
unit gives an angle of view between 45 
° 
and 55 which, with 
the close proximity of the viewed object, can cause 
considerable distortion of the photograph. 
Closed circuit television cameras used in conjunction 
with rotating mirrors and quartz-iodine lamps to give an 
unobstructed forward view down the borehole may be used 
effectively underwater provided that the water is not muddy 
or cloudy. 
Further description of borehole camera techniques is 
given by Trantina and Cluff (1963), Anon. (1970), and 
Weltman (1977). 
An alternative to using a camera is to employ the 
method of caliper logging, which involves the lowering of a 
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special probe having three arms set in a horizontal plane at 
mutual angles of 1200. Each of the three arms is linked 
electromechanically to a pen recorder which automatically 
traces out the perimeter of the borehole as the probe is 
lowered. Defects as small as 20 mm have been detected by 
this method. 
Further information may be revealed by acoustic 
logging, which is a form of three-dimensional wave velocity 
logging, and is described later under "Ultrasonic Tests". 
Reference in greater detail is made to acoustic and 
caliper logging as methods of borehole investigation by 
Kennet (1971), Baker and Khan (1971) and Weltman (1977). 
A major problem with percussion drilling is the 
difficulty experienced in ensuring reasonable verticality of 
the borehole, and the drill may even wander outside the pile 
altogether, leading to very misleading results. If the 
defect is an inclusion of a relatively soft foreign 
material, it may be completely removed and returned 
to the 
surface by the flushing medium. 
A1.1.3 Methods using radio-active materials 
The use of radio-active sources in the field of non- 
destructive testing may be generalised into two distinct 
sciences: radiography and radiometry. 
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Radiography using gamma or X-radiation is a specialised 
branch of photography and involves the exposure and 
processing of specially treated photographic film. It may 
be used successfully to detect variations in the compaction 
of concrete, the position of steel reinforcement, the extent 
of any corrosion present and the quality of grout 
surrounding prestressing cables. 
The main disadvantages of gamma radiography are that 
the maximum depth of penetration of the radiograph is about 
0.6 m of concrete and that confusion may arise if the 
radiograph is under- or over-exposed or incorrectly 
developed. Variations in concrete density appear as 
gradations of grey in the photograph, although the same 
effect is produced if the radiation source is not centred 
under the film. X-radiography is not employed as an in-situ 
pile test as the necessary equipment is not easily portable 
due to the stringent safety measures that have to be 
enforced. X-rays have considerably less penetrating power 
than gamma radiation and entail high capital and running 
costs. 
Radiometry is the technique of measuring the number of 
radioactive particles that are observed by a detector in a 
specified time and place. The material subject to test may 
be placed between the radiation source and the detector in 
such a manner that the radiation passing through the 
specimen can be measured or, alternatively, the source and 
detector combined into a probe unit measuring backscattered 
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radiation and which can be lowered down a borehole or tube 
in the pile. 
A photon is a "package" of energy which is emitted from 
an element that has been bombarded with elementary particles 
to such an extent that the atomic nuclei within the element 
have an energy excess and are therefore unstable. Stability 
is achieved by the release of energy in the form of photons. 
it is possible to focus the photons into a beam which can be 
directed to pass through the test material. The probability 
of a collision between a photon and any atom within the 
material is related to the mathematical properties of the 
Poisson Distribution. 
When a beam of gamma photons is directed through a 
material several reactions may occur: pair production, 
Compton scattering and photo-electric absorption. 
Pair production is the process whereby a photon reacts 
in the presence of matter to give rise to the production of 
a positron-electron pair. The rate of pair production is 
proportional to the (Atomic Number) 
2 
of the elements within 
the material and, consequently, is influenced by the 
chemical composition of test specimen. The effect is 
eliminated for materials such as concrete if the source 
energy is less than about 2 meV. 
Compton scattering is the term given to the scattering 
of a photon by an orbital electron of an atom within the 
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test specimen. The energy bonding the nucleus and the 
orbital electron has no effect on the scattering process. 
At each scatter energy is lost by the photon, the remaining 
energy level of the photon, E, being given by the equation 
E= E*/(l+E*(1-cos(e))/0.51) 
where E* = incident energy in MeV; 
e= angle of scatter. 
.... Eqn. A1.1 
The maximum drop in photon energy occurs when the angle 
of scatter is 180 , i. e. the direction of photon travel is 
reversed. 
Photo-electric absorption involves the absorption of 
the photon by an orbital electron during a direct collision. 
Tests performed on different concretes by Preiss and 
Newman (1964) showed that the absorption processes were 
dependent and scattering independent of the chemical 
elements within the concrete. None of the reactions was 
influenced by inter-atomic, crystalline or other forces 
within the atomic structure. 
Gamma density methods measure the number of atoms per 
unit volume irrespective of any chemical binding forces, and 
are insensitive to the structure of the concrete and hence 
are equally applicable to both wet and dry concrete. 
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The scintillation detection system comprises a Sodium 
Iodide crystal scintillator, a photomultiplier, a cathode 
follower, a linear amplifier, a discriminator and a unit 
referred to by Preiss and Newman (1964) as a "scaler-timer" 
which determines the count-rate. The arrangement is shown 
in the form of a block diagram in Fig. Al. l. A photon 
entering the scintillator increases the energy within the 
Sodium Iodide crystal and produces a flash of light the 
intensity of which is proportional to the energy of the 
photon. The photomultiplier converts the flash of light 
into an electronic pulse. The remainder of the system 
serves to amplify the signal and measure the signal 
amplitude. If the discriminator is set at a given energy 
level, all photons having energy levels lower than that 
specified will not be detected. This detection technique 
has a distinct advantage over the Geiger-Muller Counter 
which registers all radiation (irrespective of energy level) 
that enters the tube. 
A typical calibration curve for backscattered radiation 
from material with varying density is shown in Fig. A1.2. 
As density increases from a low value, it is apparent from 
the increasing count rate that more collisions are taking 
place due to the increased number of atoms per unit volume. 
At a density of about 1000 kg/m3 the photons are scattered 
at an increasing rate resulting in a reduction of their 
associated energy and producing a lower count rate of the 
more energetic photons. There exists a limiting depth 
within the matter where all scattered photons have energy 
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levels below the threshold of the discriminator. The 
density of matter beyond the limit has no effect upon the 
count rate. The "effectively infinite" depth, which for 
concrete is about 0.1 m, is determined by the geometry of 
the source/detector system, source energy, material density, 
the reaction cross-sections from the material, and the 
detector characteristics. 
Radiometric tests require a count to be made of 
background cosmic radiation so that this phenomenon can be 
eliminated from any calculations correlating count rate to 
material density. 
The common radioactive sources used for radiometric 
tests on concrete are Caesium 137 (half-life 30 years, 
intensity 0.6-0.7 MeV) and Cobalt 60 (half-life 5.2 years, 
intensity 1.17-1.33 MeV). Commercially available sources 
for use in radiography include Cobalt 60 and Iridium 192 
(half-life 74.3 days, intensity 0.3-0.6 MeV). 
Neutron backscatter techniques may be used to indicate 
the moisture content of the concrete within the pile. 
Although highly sensitive to clay inclusions the apparatus 
does not detect the presence of sand and for this reason is 
rarely used to test cast in-situ piles. 
Gamma ray transmission between a source and a detector 
placed in individual tubes in the pile 
is related to the 
density of the intervening material but its use is often not 
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practical as the distance between the source and the 
detector is frequently more than 0.6 m which would 
necessitate the use of a powerful source and correspondingly 
more stringent but less convenient safety measures. 
An experimental technique to test cast in-situ concrete 
piles was presented by Preiss (1968) and later by Preiss and 
Caiserman (1975). The combined source and detector probe 
unit, such as the one shown in Fig. Al. 3, is placed inside a 
steel or plastic tube precast into the pile and a permanent 
record is made of the count-rate as the probe is lowered by 
means of its connecting cable to the bottom of the pile. 
Scatter of results from a sound pile is to be expected 
due to the random nature of the emitted radiation and the 
non-uniformity of the concrete. The effect of random 
emission of photons may be diminished by using a very slow 
speed of descent of the probe. The presence of a void or an 
inclusion of foreign matter produces a fall in count rate, 
the magnitude of which is much greater than that produced by 
natural scatter. 
It is very important that the source and detector 
systems in the probe are adequately shielded from one 
another so that the possibility of direct radiation passing 
between the two is eliminated. 
If a test is to be perfomed on a pile cast without 
tubes after the concrete has hardened, the probe may be used 
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in a borehole. The decision to test the pile should be made 
as early as possible in order to avoid having to drill the 
concrete which considerably increases the cost of testing. 
The gamma probe has the advantage over ordinary 
core-drilling in that it examines an area of about 500 cm2 
of material around the borehole whereas a drill will only 
check about 50 cm2 of the core itself. Tests on concrete 
piles performed by Preiss and Caiserman (1975) using both 
core-drilling and gamma-ray backscatter revealed that the 
probe detected faults that the core has failed to penetrate. 
However, no flaws found in the core were undetected by the 
probe. 
A1.1.4. Ultrasonic tests 
The development of the principle of transmitting 
ultrasonic pressure waves through a specimen in order to 
detect faults has led to the application of different 
testing techniques to different materials. 
Tests carried out in 1946-47 on concrete structures 
employed an instrument that transmitted and received pulsed 
ultrasonic signals. Leslie and Chessman (1950) reported 
that the "Soniscope" apparatus produced signals at a 
frequency of about 20 kHz in pulses lasting about two 
hundred microseconds which were produced about one hundred 
times per second. The apparatus was capable of detecting 
internal cracks within concrete dams, determining the depths 
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of cracks appearing at the concrete surface, and evaluating 
the modulus of elasticity of the concrete. Early research 
was hampered by the relatively crude and inaccurate 
electronic instrumentation that was available at the time. 
The frequency of ultrasonic signals commonly used to 
examine concrete is between 20-200 kHz which is relatively 
low compared to the frequencies of between 1-4 MHz used for 
tests on steel and aluminium. High frequency signals 
transmitted through concrete are subject to unacceptable 
levels of attenuation which make detection difficult. 
A technique for testing concrete piles reported by Levy 
(1970) demonstrated the method developed by the Centre 
Experimentale de Recherches et d'Etudes du Batiment et des 
Travaux Publics (CEBTP) of using two piezo-electric 
transducers, one transmitting ultrasonic waves, the other 
acting as a receiver. The frequency of the signal used by 
Levy was not stated, although the title 
reference to "sonic pulse methods". It 
transmitted frequency was below 15 kHz, 
upper limit of human audibility. Davis 
(1975), reporting on the CEBTP method, 
signal was transmitted in pulses with a 
10 Hz. 
of the paper made 
is unlikely that the 
approximately the 
and. Robertson 
stated that the 
pulse frequency of 
A coupling medium is required between the transducers 
and the concrete. Water is the most commonly used medium 
although a drilling mud may be used 
if serious leakage of 
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water occurs due to porous concrete. 
The two transducers are lowered or raised within tubes 
cast into the pile by means of a winch electronically linked 
to the Y-deflection plates of a cathode ray oscilliscope, so 
that the depth of the transducers may be correlated to the 
position of the trace on the oscilloscope screen. The 
waveform from the receiving transducer is displayed in the X 
direction on the oscilliscope screen and, by adjustment of 
the instrument time-base, appears as a continuous horizontal 
row of alternating light and dark regions corresponding to 
peaks and troughs of the received signal of a single pulse. 
A complete scan is made of the concrete between the two 
transducers over the length of the pile, the results 
appearing on the screen as a succession of horizontal lines 
corresponding to the received pulses at gradually changing 
depths within the pile. The horizontal distance from the 
start of the trace to the beginning of the waveform is a 
measure of the travel time of the pulse through the 
concrete. 
A polaroid film may be exposed to the screen to provide 
a permanent record of the test. A block diagram of the 
apparatus is given in Fig. A1.4. 
Defects have the effect of increasing the transmission 
time (which is apparent from the increased distance from the 
start of the trace to the start of the received signal) and 
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reducing the amplitude of the detected signal. The 
magnitude of the increase in travel time and reduction of 
signal amplitude is dependent upon the nature of the defect. 
Total loss of signal. indicates a lack of sound concrete at 
the depths of the transducers. 
The ultrasonic wave velocity of concrete, vC, is 
related to its elastic modulus, EC . and density, Ac, by the 
equation 
vc = Ec/Pc .... Eqn. A1.2 
Elastic modulus, density and compressive strength are 
physical properties of the mix and curing conditions of a 
particular concrete. A typical curve showing the 
relationship between compressive wave propagation velocity 
and compressive strength of concrete is given in Fig. A1.5. 
Variations of concrete mix, compaction, or curing conditions 
may produce relatively minor deviations from the curve. The 
velocity of ultrasonic waves in good quality concrete is 
about 4000 m/s but in honeycombed concrete, gravel, sand, 
soil and mud this progressively drops to 2000-3000 m/s. The 
average wave velocity can be calculated from the time of 
travel between the two transducers and the separation 
distance. An indication of concrete quality may be given by 
comparison to Fig. A1.5. 
The extent of a defect may be determined by the use of 
more than one pair of tubes and positioning the transducers 
at different levels relative to one another as shown 
in Fig. 
A1.6, although the images formed on the oscilloscope screen 
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require careful interpretation in such cases. 
Photographic results of ultrasonic tests conducted on 
full size cast in-situ concrete piles have been presented by 
Davis and Robertson (1975) and Welturan (1977). Bobrowski et 
al. (1970) and Levy (1970) published the results of tests 
performed on concrete piles constructed with known defects 
and were able to locate accurately, with two minor 
exceptions, the faulty regions of all the tested piles. 
Ultrasonic testing of concrete piles cast without tubes 
may be conducted by lowering an instrument comprising a 
transmitter, a receiver and an intervening acoustic isolator 
(as described by Fig A1.7) down a single borehole. 
Boreholes cannot be located with sufficient accuracy to 
enable velocity determinations to be made using the two 
borehole technique. 
Acoustic logging, as the single borehole technique is 
commonly known, proceeds as the unit is raised or 
lowered at 
a steady rate within the bore. As with the two 
hole method, 
ultrasonic pulses from the transmitter travel 
through the 
pile in the form of dilational 
(compressive), distortional 
(shear) and Rayleigh (surface) waves and are 
detected by the 
receiver. The electronic instrumentation 
is the same for 
both methods. 
The vertical separation distance between 
the 
transducers used in the single borehole technique may 
be 
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varied. An increased vertical spacing reduces the ability 
to distinguish between regions of good and bad concrete but 
increases the radial extent of transmission. It is common 
for three test runs to be made with transducer separation 
distances of 300 mm, 600 mm, and 1000 mm. At a tranducer 
spacing of 300 mm it is possible to locate depths at which 
defects occur to within an accuracy of 50 mm. 
The velocity of compressive waves within concrete piles 
with precast tubes may be determined by adapting an 
ultrasonic testing technique reported by Kaarsberg (1975) 
using continuous sinusoidal waves. Two transducers are used 
in separate tubes and incrementally raised or lowered 
together. The tests are performed when the transducers are 
stationary at different levels within the pile. The input 
signal to the transmitter is displayed in the X direction on 
the screen of a cathode ray oscilloscope and the signal from 
the receiver is passed to the Y deflecting plates. A single 
inclined line is displayed on the screen when the two 
signals are either in-phase or 1800 out-of-phase. The 
distinction between the two may be made from the gradient of 
the line as a positive gradient indicates that the signals 
are in phase, and a negative gradient represents a phase 
difference of 180 0. For all other phase relationships an 
elliptical figure is observed. 
High frequency ultrasonic waves are passed through the 
concrete and the frequency adjusted until a single 
line with 
a positive gradient is displayed on the oscilliscope screen. 
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The wave frequency is recorded then gradually increased 
until the next line having the same gradient as the first is 
observed and the signals are in phase again. The 
determination of consecutive frequencies at which the 
signals are in phase is repeated, each frequency being given 
an arbitary number (ie. n, n+l, n+2, etc. ) until a 
sufficient number of points can be plotted on a graph of 
frequency against "frequency number" similar to that shown 
in Fig. A1.8, which was presented by Kaarsberg after testing 
a sample of basaltic rock. The "frequency number" is the 
total number of wavelengths between the two transducers and 
its absolute value is insignificant in the theory related to 
the experiment. The determination of wave velocity by phase 
difference is based. on the equation 
v =Xf 
c 
where vC = wave velocity; 
x= wave length; 
f= wave frequency. 
X can be determined by 
X= h/n 
.... Eqn. A1.3 
.... Eqn. A1.4 
where h= distance separating the transducers; therefore, 
vc = Xf = hf/n .... 
Eqn. A1.5 
The value of (f/n) is the same as (3f/an), which 
is the 
gradient of a line similar to that 
described in Fig. A1.8. 
The ultrasonic wave velocity can be calculated 
from the 
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observed value of (af/an) and the distance between the 
transducers. An estimate of the quality of the concrete at 
the level at which the test was performed may be made by 
reference to Fig. Al. 5. 
A1.1.5 Method using stress wave propagation 
The theory of stress waves applied to the vibration of 
bars was originally formulated by Pochhammer and Chree (see 
Love (1906)) although its development towards the analysis 
of pile integrity is attributed to Steinbach (1971,1975). 
The impact of a metal bar striking a bar of concrete 
has the effect of imparting energy to the concrete bar in 
the form of dilational, distortional and Rayleigh waves, the 
difference between them being the direction of particle 
motion within the wave. Dilational or longitudinal 
(compressive) waves create particle motion in the direction 
of travel of the wave. Distortional or transverse (shear) 
waves move particles in a direction at right angles to that 
of the travelling wave. Rayleigh waves, first investigated 
by Lord Rayleigh (1885), occur at material boundaries and 
are similar to gravitational surface waves in liquids. 
Particles move with elliptical motion which deteriorates 
rapidly with increasing depth within the material into 
transverse waves. 
The velocity of propagation of Rayleigh waves, R, is 
smaller than that of either longitudinal or transverse 
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waves. 
The velocity of dilational waves, vL, in an unbounded 
elastic solid is given by the equation 
L= (E(1-V)/(P(1+v)(1-2v)))2 
and the velocity of shear waves, vs, by 
vs = (E/ (2p (1+. v)) ) 
.... Eqn. A1.6 
.... Eqn. A1.7 
A proof of these equations is presented by Kolsky 
(1953). The ratios vL :vR and vS :vR are both dependent upon 
Poisson's ratio, and 
vs =K vR ; 




Eqn s. P. 1.8 
where K and C are constants related to the type of material. 
The value of C is dependent upon the modulus of 
elasticity and longitudinal wave velocity within the 
material as shown in Fig. Al. 9, which is a representation of 
results originally presented by Leslie and Chessman (1950), 
The value of C for concrete ranges between 1.85 and 1.95 and 
has a mean value of 1.90. 
A compressional longitudinal wave travelling through an 
elastic homogeneous material is reflected from the free end 
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of a bar as a tension wave. However, a rigid boundary 
reflects a pressure pulse without change. 
A hammer blow produces a pulse which generally has a 
high energy input in comparison to that produced by a 
vibration transducer. There is little control over the 
division of energy into the three types of wave. 
The presence of internal voids within concrete may not 
greatly reduce the apparent longitudinal wave velocity but 
will cause an appreciable reduction in the amplitude of 
transmitted signal. The attenuation of the signal is 
dependent upon the concrete quality, the number and size of 
the voids present, the geometry of the concrete member and 
the prevalent boundary conditions. 
The pulse is generated by dropping a steel bar at the 
centre of the exposed end of a cylindrical pile and waves 
propagate radially outwards. The rate of attenuation is 
different for each type of wave. The amplitude of 
longitudinal and shear waves decreases at a rate 
proportional to (1/h), where h is the distance from the 
source, except in situations where the wave is travelling 
along the surface of a half-space, when the amplitude 
P, 
decreases at a rate proportional to (l/h), . Rayleigh waves 
I 
have attenuation rates proportional to (1/h)2. A 
theoretical proof of the attenuation rates of waves 
travelling in elastic media was presented by Ewing, 
Jardetsky and Press (1957). 
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Surface waves produced at the point of impact travel 
radially outwards, are reflected from the circular boundary 
of the pile and converge at the centre of the pile. 
Rayleigh waves are detected by an accelerometer mounted on 
the periphery of the exposed end of the pile. The output 
signal is amplified before being displayed on the screen of 
a cathode ray oscilliscope. A permanent record may be 
obtained by exposing a photographic film to the screen. A 
series of gradually diminishing peaks and troughs is 
observed on the screen, the peaks representing the output 
from the accelerometer at the moment of excitation from a 
passing Rayleigh wave. A diagram showing the apparatus for 
producing and detecting the waves is shown in Fig. A1.1O. 
The time taken by a Rayleigh wave to travel from the 
accelerometer to the centre of the pile head and to reappear 
at the pile periphery can be determined by relating the 
distance between two peaks of the trace to the calibration 
of the oscilliscope time base. 
Rayleigh waves undergo radial reflection at the same 
time as longitudinal waves are propagating along the length 
of the pile. Longitudinal waves are reflected on reaching 
the base of the pile or a significant discontinuity within 
the pile. Steinbach (1971) demonstrated that damage present 
in a concrete bar suspended in air is detected by a decrease 
in the apparent velocity of longitudinal waves in the case 
of minor damage and also by a reflected signal from the 
defect in situations where the damage is more substantial. 
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In the case of very serious damage where only 4% of the 
original cross-section was remaining at the point of damage 
there was no reflected signal from the remote end of the bar 
and it became impossible to determine any information about 
the section of bar beyond the damage. The attenuation of 
the signal from the end of the bar increased with decreasing 
area of cross-section at the point of damage until the 
signal could not be detected. 




and v is determined from 
R 
vR = 2r/tR 
where r= radius of the pile; 
.... Eqn. A1.9 
.... Eqn. A1.1O 
tR= time between two peaks on the trace produced 
by Rayleigh waves. 
In field tests on concrete piles the length of the pile 
or the depth of a discontinuity was found from the 
following 
equation, having determined vL and the 
time between two 
consecutive signals produced by the excitation of 
the 
accelerometer by a longitudinal wave: 
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length (or depth) = 0.5vLt L "... Eqn. A1.11 
where tL= time between two consecutative signals from 
longitudinal waves. 
The signals from the reflected longitudinal waves were 
superimposed on those from Rayleigh waves although the two 
were not usually confused due to the difference in their 
respective attenuations. 
Field tests performed by Steinbach and Vey (1975) on 
concrete piles generally produced only two reflections from 
the bottom of the pile, whereas laboratory tests had 
successfully detected up to forty reflected waves. A 
further difficulty arose where the length: diameter ratio was 
small and especially where the diameter was greater than 
about 1.6 m, due to the surface waves being insuffiently 
attenuated to allow a distinct response to a reflected 
longitudinal wave. 
The predominant frequency of the initial pulse of 
longitudinal waves may be determined from a Fourier analysis 
of the frequency spectrum obtained after the hammer has 
struck the pile. The frequency of the Rayleigh waves is 
related to the wave velocity, the properties of the concrete 
and the diameter of the pile. Two solutions to the problem 
of the superimposed signals produced by indistinguishable 
reflected longitudinal and Rayleigh waves are: either to 
use an input pulse of a lower frequency by employing a 
longer steel bar as a hammer, which would have a longer 
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contact time; or to use an initial pulse which would not 
produce appreciable surface waves. The use of a filter 
which attenuated signals proportional to their frequency 
might also be investigated. 
The geometry of the tip of the hammer influences the 
hammer contact time. Curved tips produce a longer contact 
time than flat tips. 
Stress wave propagation techniques have been used 
successfully to detect the length of cast in-situ concrete 
piles, the bottom of any steel casing that may be present 
(also corrugated tubes) and abrupt changes in diameter to 
within an accuracy of 3% of the pile length. The method 
which was devised to test piles having a circular 
cross-section at the top of the pile cannot be used on piles 
having non-circular heads as the surface waves have a 
non-periodic nature produced by irregular reflections from 
the boundaries of the pile. The development of surface 
waves may also be hampered by the presence of a break or 
discontinuity close to the top of the pile or also by an 
insufficiently large pile diameter. 
The main disadvantage of the stress wave propagation 
method is that it fails to determine the exact nature of the 
imperfection or inclusion or the extent of the damaged 
region. 
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A1.1.6 Electrical potential and resistance methods 
The use of electrical methods to test cast in-situ 
concrete piles is still regarded as being in the 
experimental stages of development. 
A physical property of wet concrete is that it conducts 
electricity. The resistance to earth of such a conductor is 
dependent upon the dimensions of the concrete. 
A brief reference to the first recorded electrical 
resistance test performed on a freshly cast in-situ concrete 
pile placed in London Clay was made by Bobrowski et al. 
(1970). The method employed two metal spikes driven into the 
ground to an equal depth of penetration at different 
distances from the pile. Wires were connected to the 
splicing bars of the pile and the two earthing spikes and a 
small electrical charge passed between the pile and each of 
the other electrodes in turn. Measurement of the electrical 
resistance was made by a "Meggar Earth Tester" but 
interpretation of the results proved difficult due to lack 
of experience, and the conclusions of the test were regarded 
with suspicion. Bobrowski suggested that the electrical 
resistance to earth of a faultless pile may be up to ten 
times lower than that of a pile with discontinuities. 
The test in the form presented by Bobrowski et al. 
cannot be performed on piles with continuous reinforcement 
throughout the length of the pile due to the high 
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conductivity of steel. 
Meyer de Stadelhofen et al. (1976) presented an 
electrical method of determining the position and length of 
continuous steel reinforcement within a concrete pile using 
the measurement of electrical potential within the soil 
surrounding the pile. Significant variations in the 
electrical potential occur at the depth corresponding to the 
bottom of the reinforcement. 
Two electrodes are lowered into a borehole drilled into 
the surrounding soil parallel to and in close proximity to 
the pile. One remains at the bottom of the hole while the 
other is raised. Both are connected to a voltmeter 
measuring the potential difference between them. A small 
current is passed between the reinforcement of the pile and 
a small auxiliary electrode placed in the ground at a 
considerable distance from the pile and the electrical 
potential between the electrodes in the borehole is 
measured. The potential difference induced by the current 
alone can be determined by subtracting the potential 
difference between the electrodes produced naturally in the 
earth from the potential difference already determined. The 
natural potential can be measured in the same manner as 
before but without the passage of current to the auxiliary 
electrode. Fig. A1.11 describes the process of eliminating 
the natural potential. 
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The borehole was lined with a perforated plastic tube 
but no reference was made to a conducting medium between the 
electrodes and the wall of the borehole. Mud or water with 
an electrical conductivity similar to that of the 
surrounding soil is necessary for the lines of equipotential 
to be continuous through the borehole. 
Observations made during field tests verified that the 
potential measured within the borehole is very dependent on 
the length of the reinforcement and that a graph of 
electrical potential against depth has a point of inflexion 
at a depth equal to that of the end of the reinforcement 
when the borehole is in close proximity to the pile. 
An alternative method of locating the bottom of the 
reinforcement is to measure the change of potential with 
respect to the change in depth of the electrodes within the 
pile whilst at a fixed distance apart. The test is run as 
before both with and without the passage of current between 
the pile and the auxiliary electrode. A graph of potential 
difference produced by the current alone against mean 
electrode depth may be drawn similar to the curve shown in 
Fig. A1.12- The depth at which the curve reaches a maximum 
value corresponds to the depth of the bottom of the 
reinforcement. 
it is possible to test several piles using the same 
borehole. At distances between the pile and the borehole 
greater than half the length of the pile the voltage 
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readings become less distinct and the point of inflexion 
occurs at a depth greater than that of the end of the steel 
reinforcement. 
The main disadvantage of this method of pile testing is 
that it locates the end of the continuous steel 
reinforcement and not the bottom of the pile. Its principal 
advantages are that it is inexpensive and easy both to 
perform and interpret. 
A1.1.7 Prestressing methods 
The structural integrity of a cast in-situ concrete 
pile can be investigated in the manner described by Moon 
(1972). 
Wet concrete is placed by means of a tremie pipe around 
an ordinary prestressing sheath within which is a high 
strength steel prestressing tendon. The sheath is in the 
form of a "U". the bottom of which is at the base of the 
pile, and may be attached to any steel reinforcement that is 
present to prevent it being disturbed by the influx of 
concrete. Thrust blocks, standard anchorage blocks and 
strand grips similar to those used in prestressed concrete 
beams are fitted at the top of the pile, which is smoothed 
off while still wet. 
When the compressive strength of the concrete has 
achieved a high percentage of its final value the steel 
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tendon is placed under tension by means of conventional 
prestressing equipment and the behaviour of the pile cap and 
the tendon is observed. If there are no major defects 
within the pile the changes in the length of the tendon and 
the level of the pile cap are small. A serious fault in the 
upper half of the pile is apparent from a large downward 
movement of the top of the pile. An extension of the 
prestressing element greater than that expected due to 
elastic elongation under load indicates a fault in the lower 
region of the pile. The extra elongation is produced by the 
upward movement of a lower section of pile. 
The skin friction between the soil and the pile can be 
estimated by this method using a specially constructed pile 
having a distinct break at a given level. When the tendon 
is stressed a short pile section is pulled up towards a 
larger one. The force required to move the smaller section 
corresponds to the load required to overcome the side 
friction and is measured by means of load cells at the top 
of the pile. The movement of the lower pile section 
is 
evident from the large increase of apparent elongation of 
the stressing element for a small increment of load. 
The 
adhesion per unit area of soil-pile interface can 
be 
determined from the load at which the movement of the lower 
section occurred and the dimensions of that pile section. 
The adhesion to be experienced at any depth 
in working piles 
may be evaluated together with an estimate of 
the load 
capacity contribution from side friction alone. 
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Al-2 LOAD CAPACITY TESTS 
A1.2.1 Static load tests 
Load tests on piles usually involve the application of 
a direct axial load to a single vertical pile by means of a 
loaded platform or by hydraulic jacks in contact with some 
form of reaction system. Tests may also involve uplift or 
the application of axial tension, lateral forces applied 
horizontally or perpendicularly to the pile axis in the case 
of battered piles, and may be performed on an individual 
pile or a. group of piles. 
The two most common methods of vertical load test are 
the maintained load (ML) test and the constant rate of 
penetration (CRP) test. 
The maintained load method requires the application of 
incremental loads (which may be up to two and a half times 
the design load) and observation of the subsequent 
settlement until the load is reached under which the pile 
continues to move steadily. 
The majority of test loads are applied with hydraulic 
jacks reacting against either a loaded platform or a test 
frame anchored to reaction piles positioned sufficiently 
remote from the test pile so as not to influence its 
behaviour. 
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The uplift capacity of a pile is produced solely by the 
skin friction on the pile-soil interface along the length of 
the pile. Evaluation of uplift capacity is one method of 
estimating the contributions towards ultimate vertical load 
capacity from friction and end-bearing, and is required if 
the pile is to be used as an anchor rather than a support. 
The constant rate of penetration test presented by 
Whitaker and Cooke (1961) and Whitaker (1963) requires the 
pile to be forced into the soil at a constant speed by means 
of a hydraulic jack at the top of the pile. The load 
applied by the jack is measured by load cells positioned 
between it and the pile. 
The soil in close proximity to the pile is loaded at an 
approximately constant rate of strain to the point of shear 
failure. The recommended penetration rate is 0.755. mm (0.03 
inches) per minute for friction piles in clay for which the 
penetration at failure is likely to be less than 25 mm 
(1 
inch), and 1.5 mm (0.06 inches) per minute or more for 
end-bearing piles in sand or gravel where considerably 
larger movements are necessary to produce the full 
resistance. Typical force against penetration curves 
for 
friction and end-bearing piles are shown in Fig. A1.13. 
The ultimate load of a pile may be determined 
from the 
results of a maintained load test 
in cases where actual 
failure did not occur using a limiting value of the gradient 
of the settlement against load curve. 
The limit may be 
- Al. 30 - 
applied to the total settlement curve or to the plastic 
settlement line, that is, the total settlement minus the 
elastic rebound produced by the removal of load. Fuller and 
Hoy (1970) recommended limiting values of 1.25 mm (0.05 
inches) total settlement per ton applied load and 0.75 mm 
(0-03 inches) plastic settlement per ton, the ultimate load 
being taken as the lower load at which these two gradients 
occur. Fig. A1.14 illustrates the failure criteria. 
Whitaker and Cooke (1961) suggested that the ultimate 
pile capacity may be determined from the results of a 
constant rate of penetration test by locating the point "A" 
as shown in Fig. A1.13. Alternatively, Goble and Likins 
(1974) defined the failure load by an empirical method using 
the construction of a straight line of gradient, K, where 
K= AE/L .... Eqn. Al-12 
and A= area of pile section; 
L= length of pile; 
E= modulus of elasticity of pile material - 
The gradient was offset from the origin of the load against 
penetration curve by an amount d where 
d=0.15+0. lD/12 (inches) .... Eqn. A1.13 
where D= pile diameter (in inches), as illustrated 
in Fig. 
Al. 15. 
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The intersection of the extrapolated curve with the 
constructed line indicates the ultimate load. There appears 
to be no distinction required in evaluating the results of 
tests on end-bearing and floating piles. 
Fuller and Hoy (1970) reported a modified form of the 
CRP test which produces rapid results. The quick test 
requires the gradual loading of the pile under test in 
increments of 5 or 10 tons and the measurement of gross 
settlement and load immediately before and after each load 
increment. The load is maintained for 2.5 minutes before 
the next increment is applied. When the load on the pile 
can only be maintained by constant pumping, the pile is 
regarded as a plunging failure and all pumping is stopped. 
Total settlement is measured immediately after pumping has 
ceased and at intervals of 2.5 and 5.0 minutes after which 
all load is removed and the pile is allowed to recover. Net 
settlement is measured immediately after the removal of load 
and again at intervals of 2.5 minutes for the next 5.0 
minutes - The ultimate bearing capacity is indicated by the 
intersection of lines drawn tangentially to the two major 
sections of the load against settlement curve, as shown in 
Fig. A1.16. 
Static load testing has many disadvantages. The cost 
of producing a suitable reaction load can be prohibitive and 
may limit the number of tested piles to a statistically 
insignificant number. Tests are seldom continued to the 
point of actual failure or in such a manner that the 
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relative contributions from end-bearing and side friction 
are determined. No information can be gained about the 
quality of the concrete in the pile or its physical 
dimensions but only that the pile is capable of withstanding 
the test load applied to it. 
The testing of very large diameter piles using the CRP 
method requires hydraulic jacks capable of producing forces 
up to 30 MN in order to confirm the ultimate load capacity. 
Such hydraulic devices are not likely to become available in 
the forseeable future. 
A1.2-2 Ultimate load capacity prediction using Wave 
Equation Analysis 
Many formulae exist for the prediction of the bearing 
capacity of piles using information derived from their 
driving records but few of such formulae are reliable in 
more than one or two special situations - The Wave Equation 
was first formulated about 1866 although it was not until 
about 1931 that it was appreciated that Wave Equation 
analysis could be applied to pile driving. A history of the 
development of Wave Equation analysis was presented by Smith 
(1960,, 1962) and Forehand and Reece (1964). 
The application of wave theory to pile driving and the 
prediction of ultimate load capacity was initially presented 
by Smith (1960) who proposed a mathematical model simulating 
the behaviour of a pile during striking. The model was 
later formally shown by Forehand and Reece (1963) to be 
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equivalent to the Wave Equation. A diagrammatic 
representation of the model is shown in Fig. A1.17. The 
pile and driving apparatus are considered as being a series 
of interacting springs and masses upon which is exerted a 
force opposing any movement on the pile-soil interface, 
which is produced by the friction along the interface. A 
force at the tip of the pile is introduced to represent the 
end-bearing resistance. 
The calculations of force and displacement of each pile 
section are continued until, an arbitrary f inal condition is 
reached (such as the tip of the pile becoming stationary) - 
The total resistance to vertical loading is determined by 
summing all the resistance contributions over the whole 
length of the pile. 
The method of Wave Equation analysis is not unlike the 
finite element methods of structural analysis which have 
received popular acclaim in the field of civil engineering 
design. 
Evidence that Wave Equation analysis continually gave 
better correlation between the predicted and observed pile 
capacities than several other popular pile driving formulae 
was presented by Ramey and Hudgins (10.77) who compared the 
predicted capacities of piles using the Wave Equation 
analysis, Engineering News Record, Modified Engineering 
News 
Record, Hiley, Gates, and the Danish formulae. 
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Ramey and Hudgins (1977) demonstrated the low 
sensitivity of Wave Equation analysis to large variations in 
soil properties, and gave an example where a 200% error in 
estimating the contribution of end-bearing to the load 
capacity produced only a 13% error in the predicted 
capacity. This is an obvious advantage in situations where 
only arbituary values can be assigned to the soil 
properties. 
Evaluation of the soil quake and damping is required. 
Quake is the maximum elastic deformation of the soil. 
Deformations beyond the quake value result in permanent 
displacements. Both side and end quake must be considered. 
The loss of energy from the hammer impact is greater in 
soils of high damping than in those of low damping and the 
conditions at both the sides and the end of the pile must be 
considered. Suggested values for soil quake and damping are 
given in Table Al -1 
Considerable research into Wave Equation analysis of 
both prestressed concrete and steel pipe piles at Texas A. 
and M. University over a period of more than eleven years. 
The results of the study culminated in the presentation of a 
final report by Coyle et al. (1973). The method of 
hammer-pile-soil simulation used by Coyle and his co-workers 
was very similar to that used by Smith (1960) but required 
the use of additional terms to describe accurately the 
action of diesel-driven pile drivers and the ability of the 
cap block to transmit tension. The length of each pile 
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section used by Coyle was about 2 feet instead of 5 feet 
which had been used by previous researchers. This required 
a consequent reduction in the critical time interval which 
is the time taken for the pressure wave to travel the length 
of a pile section. Shortening the critical time interval 
increases the time and cost of computing which may or may 
not be justified by the increased accuracy of the predicted 
load bearing capacity. 
Al - 2.3 Case methods of predicting bearing capacity 
Case Western Reserve University, U. S. A., has lent its 
name to a procedure devised to predict the vertical load 
carrying capacity of driven piles which has produced 
encouraging results. A series of reports has been written 
culminating with a final report presented by Goble (1975) 
which has become commonly known as the Case Report. The 
method is based on wave analysis but has the advantage over 
the Wave Equation analysis in that it operates using the 
measured values of force and velocity of the pile head 
during the driving process rather than estimates obtained by 
mathematically modelling the hammer-pile system. 
The force at the top of the pile during the hammer blow 
is measured by a calibrated portable force transducer, and 
the velocity of the pile head is determined by the 
integration of the signals produced from two accelerometers 
mounted at diametrically opposite points on the pile head. 
A block diagram of the detecting apparatus is shown in Fig. 
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Al-18 and typical curves of force and velocity experienced 
during a hammer blow are presented in Fig. Al-19. 
Two similar methods have been developed: the 
time-delay method and the damping method, both of which were 
reported by Ferahian (1977). The time-delay method 
considers the elastic properties of the pile and the 
distribution of resistance forces but neglects both the 
variation of the dynamic resistance forces with time due to 
soil damping and the unloading due to pile rebound. The 
damping method attempts to account for the dynamic forces of 
resistance by the introduction into the theory of a 
"damping" coefficient (not to be confused with the 
percentage critical damping of the soil-pile system). 
The time at which both the force and the velocity attain 
their first maximum, t max , 
is identified from the force-time 
and velocity-time curves. The time-delay method requires 
the force and velocity values at 
t= t* and t= t*+2L/v L 
where t* =t max 
+ 9(2L/v L 
ý= time-delay coefficient; 
(2L/V 
L)= time 
for longitudinal pressure wave to 
travel to the bottom of the pile and back 
(v L pressure wave propagation speed). 
Goble (1975) recommended the following values for ý 
using steel pipe or timber piles: 
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ý= for sands 
= 0.25 " non-plastic silt 
= 1.20 " stiff clay 
= 1.40 it weak plastic silt and soft clay 
The static bearing capacity R is calculated from the 
equation 
R= (F(tl)+F (t2))/2+(mv 
L /2L) (V(tl)-V(t2) .... Eqn - Al - 14 
where F(t) = force at pile head at time t; 
V(t) = velocity of pile head at time t; 
tj = t* ; 
t2 ý-- t* + 2L/VL ; 
L= length of pile; 
vjý = propagation velocity of pressure waves; 
m= mass of pile. 
The alternative Case method was formulated using a more 
complex model of the soil than the time-delay method. The 
improved model assumes that the resisting forces have a 
static component RS and a dynamic component R D' the latter 
being proportional to the velocity of the bottom of the pile 
and significant only during the driving process. 
The time of calculation used in the damping method is 
tmax; 
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.... Eqn. A1.15 
where Rmax = maximum driving resistance of the pile 
obtained from Eqn. Al-14 for t=t 
max 
J=a dimensionless damping coefficient, which is 
a function of the soil type. 
Goble (1975) suggested that the following values for J 
may be used: 
J=0.05 for sand; 
= 0.20 for sandy silt; 
= 0.555 for silty clay and clayey silt; 
= 0.15 for silty sand; 
= 0.30 for silt; 
= 1.10 for clay - 
It is apparent that the value of J increases with 
decreasing size of soil particles. The high value for J in 
clay reflects the degree of uncertainty about this material 
as relatively few piles embedded in clay have been tested. 
A comparison between measured ultimate pile loads 
determined using the CRP static load test as described by 
Goble and Likins (1974) and the Case predicted capacities is 
shown in Fig. Al-20. A very good correlation between the 
observed and both of the predicted load capacities is 
apparent for steel, prestressed concrete and timber piles. 
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The most accurate predictions appear to be produced by the 
time-delay method. 
Al-3 TESTS FOR BOTH PILE INTEGRITY AND BEHAVIOUR UNDER 
LOAD 
A1.3-1 Method of resopant longitudinal vibration 
In 1968 Paquet (1968) presented a study which 
introduced theory relevant to the resonant longitudinal 
vibration of piles and compared theoretical results with 
findings of previous experiments. Six years later Davis and 
Dunn (1974) reported the results of field tests performed on 
a number of cast in-situ concrete piles with which it was 
possible to identify piles suspected of being defective and, 
in most cases, to indicate the extent of the fault. 
The procedure for testing a pile is quick and easy to 
apply - It does not require . special apparatus of any kind to 
be cast into the pile, and can be performed after the 
concrete has hardened. The pile head must be machined to a 
flat surface perpendicular to the axis of the pile. A steel 
plate is fixed in position using an epoxy-resin and an 
electrodynamic vibrator is placed in contact with a force 
transducer (load cell), which itself rests on the steel 
plate. A signal generator supplies the vibrator with a 
sinusoidal waveform, the frequency of which can be varied up 
to 1000 Hz - The maximum amplitude of the sinusoidally 
varying force experienced by the pile head is kept constant 
by a regulator unit. The pile receives a constant force 
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amplitude at all frequencies within the limits of the test, 
although its response will vary with frequency. The induced 
motion of the pile is detected and measured by a velocity 
transducer mounted on the pile head but separate from the 
vibrator mounting plate. 
The filtered and amplified output signal from the 
velocity transducer changes as the frequency of the force is 
altered and, at certain frequencies, the response attains a 
maximum value indicating that resonance is occurring. An 
X-Y recorder plots the transducer output signal against the 
frequency of the applied force during a frequency sweep. 
Fig. Al-21 describes the instrumentation required in the 
form of a block diagram. Results similar to that given in 
Fig. Al-22 may be used to determine important features of 
the tested pile. A tabulated summary of pile 
characteristics that may be inferred from an interpretation 
of the results is presented in Table A1.2. 
The fundamental equation upon which the theory of 
non-destuctive testing by means of resonant axial vibration 
is based is: 
(2L) 0 Eqn. Al-16 
where v= velocity of longitudinal plane waves 
in concrete; 
L 
L= length of pile; 
Af = interval in frequency terms between resonant 
frequencies. 
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The difference in resonant frequencies may be evaluated 
from the curve produced by the X-Y plotter and used with the 
design length of the pile in the above equation to determine 
a value of vL- The velocity of propagation is influenced by 
the density of the medium through which it travels in much 
the same manner as that described previously under 
"Ultrasonic tests" and Fig. A1.5. If the value of vL is 
unusually low, it may infer that a major defect is present 
at some point along the length of the pile. The approximate 
depth of the fault may be determined by substitution of an 
average value for vL (say 3800 m/s) into the equation and 
evaluating the new "length" term. 
The theoretical and experimental values of mechanical 
admittance (V /F ), defined as dynamic velocity, V, of the 000 
pile head divided by the amplitude of the applied dynamic 
force, F0. are significant in evaluating the quality and 
dimensions of the underground concrete. The experimental 
value is determined from the mean value of V attained when 0 
the response curve becomes steady, divided by the maximum 
amplitude of the constant force. The theoretical value is 
given by 
(V IF )= 1/( ý) VL A) .... Eqn. 
Al - 17 
It was reported by Davis and Dunn (1974) that the use 
of this method is limited to cylindrical pile foundations 
with length: diameter ratios lower than about 20: 1 as the 
considerable damping experienced with greater ratios of 
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length: diameter produces poor definition of the response 
curve. Exceptional cases where the pile is founded in rigid 
soil or rock after passing through a soft material have 
allowed tests performed on piles with ratios of 30: 1 to be 
analysed. 
The presence of a significant concrete bulb caused by 
the overbreak of the upper soil layer at the boundary 
between two soils of different stiffness prevents 
information being obtained about sections of the pile at 
depths below the bulb. The depth at which the bulb occurs 
can be calculated from the equation 
V/(2Af) 
es. -Eqn. A1.18 
where L* is the depth of the bulb within the pile. 
Al-3.2 Shock method 
The shock method presented by Higgs and Robertson 
(1979) is a quick method of determining the relationship of 
the mechanical admittance (dynamic velocity / dynamic force) 
and frequency of excitation of an embedded pile. 
The test comprises the placing of a small load cell at 
the centre of the pile head and a geophone near its 
circumference. The top surface of the pile is prepared so 
that the surface is flat and perpendicular to the axis of 
the pile. The signals from the load cell and the geophone 
are monitored by a small computer. At the start of the test 
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the computer memories are cleared. The test begins with a 
light blow from a hand-held hammer directed onto the load 
cell, and producing transient vibration of the pile. The 
applied force (shock) and the pile head velocity are 
simultaneously measured as time-dependent functions and 
stored in the computer in a digital form. A Fourier 
transform is performed on both signals and these results are 
accumulated for several blows of the hammer, thus reducing 
the effects of background noise. The mechanical admittance 
against frequency relationship can then be produced on an 
X-Y plotter - The interpretation of the graph is similar to 
that used to analyse the results from resonant vibration 
tests - 
The advantage of the shock method over the resonant 
vibration method of testing is that: 
(i) the equipment is easier to handle and produces 
results of a better quality; 
(ii) piles can be tested in situations where it would 
be very difficult to place an electrodynamic 
vibrator, eg. under capping beams, etc.. 
The main disadvantage of the shock test 
is that it 
requires the availability of a sophisticated 
transient 
capture unit and Fourier analyser, which may 
be prohibitive 
with regard to the initial cost of the 
instrumentation. 
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APPENDIX 2 PROCEDURE TO DETERMINE THE PREDICTED DYNAMIC 
CHARACTERISTICS OF AN EMBEDDED MODEL PILE 
USING THE VISCO-ELA%SoTIC SOIL-PILE FODEL 
Axial resonant frequency and arnplitude of receptance 
at resonance 
(i) select a suitable initial frequency, fl, about 100 Hz 
less than the axial resonant frequency of the pile in air in 
a similar mode of vibration to that required of the embedded 
pile (see Eqn-2-2-1); 
(ii) determine two other frequencies, f2, and f3, 
where f2f1+ one increment; 
f3f1+ two increments; 
and the increment is a suitable value such as 128 (27) Hz; 
(iii) determine the complex receptances r1. r2, r3 of the 
pile which correspond to fl, f 2' 
f3 (as described in Section 
2.4.3.3 ); 
(iv) select new vý 
a) if r2 >r 1 >r 3 
b) if r2 >r 3 >r 1 
c) if r1> r2 or 
repeat from 
E)lue of f1 by considering: 
then f 1(new value) =f1 
(existing value); 
then. f1 (new value) =f2 (existinq value); 
r3>r2 then select new initial frequency and 
step (i); 
(v) determine new values of f2 and f3 using the new value of 
f1 and the expression in step 
M but using an increment of 
half that used in the previous step; 
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(vi) repeat steps (ii)-(iv) using successively smaller 
increment values until the resonant frequency is determined 
to the required accuracy (0-1 Hz); 
(vii) evaluate the receptance of the pile head at the 
predicted resonant frequency. 
The axial resonant frequency and awplitude of 
receptance of the embedded model pile are thus determined 
for a chosen mode of resonant axial vibration of the pile. 
The calculations can be repeated from step (i) to determine 
these values in other modes of axial vibration. This 
technique optimises the time taken to locate the resonant 
frequency from a suitable initial frequency of excitation. 
2) Specific damping capacity determined a bandwidth method 
(i) determine the predicted axial resonant frequency, f, and 
the receptance at resonance, r, as described above; 
(ii) calculate the value of receptance at the half-power 
points, which are defined as being lIV72 times the receptance 
at resonance; 
(iii) select a suitable frequency of excitation greater than 
f by a large increment (say 100 Hz); 
determine the direct receptance of the pile at this 
frequency, as described in Section 2.4.3.3; 
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(V) select a new frequency by considering: 
a) if Ireceptancel > (Irl/v, "71 then increment the 
frequency of excitation by the same amount as previously; 
b) if Ireceptancel < (Irl/V77 then return to previous 
frequency value and incrernent the frequency of excitation 
by half the increoent size of the previous step; 
(vi) determine the frequency of the upper half power point, 
fU to the required accuracy (0.1 Hz) by using successively 
smaller increment values; 
repeat steps (ii) to (v) but subtracting frequency 
increments to obtain the frequency at the lower half-power 
point, fL; 
(viii) calculate the specific damping capacity (SDC) using 
Eqn. 2.2.11. 
This process can be repeated to predict the SDC of the 
pile in any mode of resonant vibration after the resonant 
frequency and amplitude of receptance of the pile have been 
determined in that mode. 
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APPENDIX 3 WORKED EXAMPLE OF THE ANALYSIS OF A MODEL PILE 
WITH A NECK DEFECT (SlN2) EMBEDDED IN DRY SAND 
It is assurred that the overall length and Oiarneter of 
the pile are known, together with the material properties of 
the pile and the adjacent soil. This latter information 
could be obtained from tests performed on samples rernoved 
from site. The only unknown quantities are the length, 
cross-sectional area and position of the neck defect. 
Pile length (L) = 0.9730 ro. 
Diameter of pile sbaft = 0.0433 m 
Young's modulus of pile material = 206.8 GNIm 
2. 
3 
Density of pile material = 7808.5 kqlm 
The three resonant frequencies of the pile are : 
2545 Hz, 4577 Hz, 7389 Hz- 
(i) a trial vaJue of L2 (the length of the defect) = 7% 
(say) of the overall length of the pile is assurned; 
(ii) values for the specific darnping capacity (0-2) the 
Poisson's ratio (0.33) of the dry sand beneeth the pile tip 
are assumed; 
(iii) the cross-sectional area of the shaft of the pile 
is 
r-: 2 rr, calculated, (A 0.001., 
a value for the length of the upper pile section 
(see 
1= 
11 (say) of the overall length of the pile Fig. 2.3ý L 
is assumed. The lengths of the other two sections of 
pile, 
- 
and the depths below ground level of the centroids of the 
pile sections are calculated; 
L1=0.00973 r, centroid = 0.00487 rn below ground level; 
IIIIIIIIIIIIIIIIII* L 0.06811 M, 0.04379 2 
IIIIII L3ý0.89516 rn, = 0.52542 rn 
(iv) the dynamic shear moduli of the dry sand at the depths 
corresponding to the centroids of the three pile sections 
are calculated using Eqn. 2.4-14 with K*=0.3; 
0.323 MN/m2; G* = 1.046 MN /rn2 ; G* = 4.907 MN/M2. 23 
(v) X* is calculated for each of the three sections of pile 
using the first resonant frequency of the pile and Eqn. 
2.4.3, assuming that the sand within 0.5 mm of the pile is 
to be included in the vibration of the pile, and the value 
of the damping constant -n = 0.0003 for steel-; 
3.1068 - 0.0262i 
2 3.1068 - 0.2098i 
3 3.1010 - 0.1018i ; 
(vi) the direct receptance of the soil immediately below the 
pile tip, S", is determined at the first resonant frequency 
of the pile, using Eqn. 2.4.6 
S" = 0.3488 Y 10-7 - 0.2490 x 10-6i ; 
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the values of a1 and b1 can now be calculated frorn the 
expressions given in Eqn. 2.7-8, corresponding to the first 
resonant frequency of the pile 
-78-739 + 30.015i ;b1= 142.469 + 5-771i ; cl = -1; 
(viii) the calculations are repeated froin step (v) so that 
values of a and b are determined for the other two resonant 
frequencies of the pile; 
a 5.275 4 2.150i b 45-188 + 0.851i 22; c2 
2.479 + 1.206i ;b3= 15.790 + 0.343i ; C3 = -1. 
(ix) the values of (A 2 
/A 
1) for the above combination of L 
and L2 can now be calculated usinq Eqns. 2.6.8 (Method 1) 
and 2.6.9 (Method 2). The value of (A 2 
/Y is a positive 
real quantity and hence only the real. part of the results 
from Eqns. 2.6.6 and 2.6.0. are considered. An acceptable 
range of values for (A 2 
/A 
1) 
is selected which is thought 
suitable for the analyses of piles with neck defects. 
Values of (A 2 
/A 
1) less than 0.0 and greater than 
2.0 were 
rejected. In the case of piles with bulb defects, the upper 
lirrit was regarded as 20.0. If the value of (A 2 
/A, ) was 
outside the acceptable range for the type of defect, the 
value was set to whichever limiting value had been 
surpassed. The values of (A 2 /A, ) suggested for the above 
valu, es of L1 and L2 are 
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(i ) (2) (3) 
1.135 1.430 2.000 
and 
(4) (5) (6) (7) (8) (9) 
0.007 1.548 0.022 2.000 0.064 2.000 
where 
(1) is the 
(2) It 
(3) of 
(4) is the 
(5) If of 
(6) it If 
(7) It 11 
(8) 11 of 
(9) it of 
value from 
11 it 11 
If of It 
value from 
If 11 If 
it If 
11 if 
of 11 of 
If It if 
Method 1 using 
If 11 11 11 11 
If If It If 11 
Method 2 using 
11 11 11 to II 















negative if ; 
positive 11 ; 
negative 01 0 
W the value of L, is increased by a small increment (say 
1% of the length of the pile) and the calculations repeated 
from step (iv) to determine the values of (A2/Al) for the 
new lengths of the pile sections. This process is repeated 
until L, +L2 =0.99L. The values of (A2/Al) determined using 
the different positions of the defect along the pile are as 
follows (these values are shown in Fig 5.8(a)): 
(N. B. Z= distance of centroid of defect from top of the 
pile) 
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Z/L (1) (2) (3) 
0.045 1.135 1.430 2.000 
0.054 1.110 1.424 2.000 
0.063 1.083 1.417 2.000 
0.072 1.056 1.410 2.000 
O-Ocll 1.027 1.400 2.000 
0.090 0.997 1.390 2.000 
0.100 0.965 1.377 2.000 
0.109 0.931 1.362 2.000 
0.118 0.894 1.344 2.000 
0.127 0.854 1.322 2.000 
0.136 0.811 1.294 2.000 
0.145 0.763 1.261 2.000 
0.154 0.711 1.218 2.000 
0.163 0.654 1.162 2.000 
0.172 0.589 1.087 2.000 
0.181 0.517 0.984 0.000 
0.191 0.436 0.834 0.000 
0.200 0.343 0.601 0.000 
0.209 0.236 0.202 0.620 
0.218 0.112 0.000 1.945 
0.227 0.000 0.000 2.000 
0.236 0.000 2.000 2.000 
0.245 0.000 2.000 2.000 
0.254 0.000 2.000 2.000 
0.263 0.000 2.000 2.000 
0.272 0.000 2.000 2.000 
0.282 0.000 2.000 2.000 
0.291 0.000 2.000 2.000 
0.300 0.000 2.000 '41-000 
0.309 0.000 2.000 2.000 
0.318 0.000 2.000 2.000 
0.327 0.000 2.000 2.000 
0.336 O. Oco 2.000 2.000 
0.345 2.000 2.000 2.000 
0.354 2.000 2.000 2.000 
0.363 2.000 2.000 2.000 
0.373 2.000 2.000 2.000 
0.382 2.000 2.000 2.000 
0.391 2.000 2.000 0.353 
0.400 2.000 2.000 2.000 
0.409 2.000 2.000 2.000 
0.418 2.000 2.000 2.000 
0.427 2.000 0.842 2.000 
0.436 2.000 0.000 2.000 
0.445 2.000 0.000 2.000 
0.454 2.000 0.000 2.000 
0.464 2.000 C. 000 2.000 
0.473 2.000 0.000 2.000 
0.482 2.000 0.000 2.000 
0.491 2.000 0.000 2.000 
0.500 2.000 0.000 2.000 
0.509 2.000 0.000 2.000 
0.518 2.000 0.000 2.000 
0.527 2.000 0.000 2.000 
0.536 2.000 0.000 2.000 
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0.545 2.000 0.000 2.000 
0.555 2.000 0.000 2.000 
0--564 2.000 0.000 2.000 
0.573 2.000 0.888 2.000 
0.582 2.000 2.000 2.000 
0.591 2.000 2.000 2.000 
0.600 2.000 2.000 2.000 
0.609 2.000 2.000 0.000 
0.618 2.000 2.000 2.000 
0.627 2.000 2.000 2.000 
0.636 2.000 2.000 2.000 
0.646 2.000 2.000 2.000 
0.655 2.000 2.000 2.000 
0.664 0.000 2.000 2.000 
0.673 0.000 2.000 2.000 
0- 6682 0.000 2.000 2.000 
0.691 0.000 2.000 2.000 
0.700 0.000 2.000 2.000 
0-709' 0.000 2.000 2.000 
0.718 0.000 2.000 2.000 
0.727 0.000 2.000 2.000 
0.737 0.000 2.000 2.000 
0.746 0.000 2.000 2.000 
0.755 0.000 2.000 2.000 
0.764 0.000 2.000 2.000 
0.773 0.000 0.000 2.000 
0.782 0.110 0.000 1.948 
0.791 0.234 0.182 0.623 
0.800 0.341 0.593 0.000 
0.809 0.434 0.829 0.000 
0.818 0.516 0.981 0.000 
0.828 0.588 1.085 2.000 
0.837 0.653 1.160 2.000 
0.846 0.710 1.216 2.000 
0.855 0.763 1.260 2.000 
0.264 0.810 1.2-04 2.000 
0.873 0.853 1.321 2.000 
0.882 0.893 1.343 2.000 
0.891 0.930 1.361 2.000 
0.900 0.0,64 1.376 2.000 
0.909 0.996 1.389 2.000 
0.919 1.026 1.400 2.000 
0.928 1.054 1.409 2.000 
0.937 1.081 1.416 2.000 
0.946 1.107 1.423 2.000 
0.955 1.129 1.427 2.000 
The values of (A2/Al ) suggested by Method 2 are as follows 
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0.063 0.023 1.570 0.064 2.000 0.182 2.000 
0.072 0.032 1.524 0.085 2.000 0.236 0.000 
0.081 0.042 1.601 0.106 2.000 0.285 0.000 
0.090 0.052 1.620 0.126 2.000 0.327 0.000 
0.100 0.064 1.641 0.146 0.000 161 0-3 0.000 
0.1019 0.076 1.665 0.164 0.000 0.389 0.000 
0.118 0.090 1.693 0.182 0.000 0.4oO, 0.000 
0.127 0.104 1.724 0.198 0.000 0.423 0.000 
0.136 0.118 1.760 0.213 0.000 0.430 0.000 
0.145 0.133 1-C-00 0.226 0.000 0.431 0.000 
0.154 0.149 1.845 0.237 0.000 0.426 0.000 
0.163 0.165 1.896 0.247 0.000 0.414 0.000 
0.172 0.182 1.953 0.256 0.000 0.396 0.000 
0.181 0.199 2.000 0.262 0.000 0.371 0.000 
0.191 0.216 2.000 0.267 0.000 0.33a 0.000 
0.200 0.234 2.000 0.270 0.000 0.2,198 0.000 
0.209 0.52 2.000 0.271 0.000 0.251 0.000 
0.212- 0.269 2.000 0.271 0.000 0.197 2.000 
0.227 0.287 2.000 0.269 0.000 0-140 2.000 
0.236 0.305 2.000 0.264 0.000 C-080 2. COO 
0.245 0.323 2.000 0.259 0.000 0.021 2.000 
0.254 0.340 2.000 0.251 0.000 2.000 0.000 
0.263 0.357 2.000 0.242 0.000 2.000 0.000 
0.272 0.374 2.000 0.231 0.000 2.000 0.000 
0.282 0.390 2.000 0.218 0.000 2.000 0.000 
0.2191 0.406 2.000 0.204 0.000 2.000 0.000 
0.300 0.422 2.000 0.188 0.000 2.000 0.000 
0,09 0.437 2.000 0.171 0.000 2.000 0.000 
0.318 0.451 2.000 0.153 0.000 2.000 0.000 
0.327 0.465 2.000 0.134 2.000 2.000 0.000 
0.336 0.478 2.000 0.114 2.000 2.000 0.000 
0.345 0.490 2.000 0.093 2.000 2.000 0.000 
0.354 0.502 2.000 0.073 2.000 2.000 0.000 
0.363 0.513 2. OOC 0.052 2.000 2.000 0.000 
0.373 0.523 2-COO 0.031 2.000 2.000 0.000 
0.382 0.533 2.000 0.010 2.000 2.000 0.000 
0.391 0.542 2.000 2.000 0.000 2.000 0.000 
0.400 0.51-0 2.000 2.000 0.000 0.043 2.000 
0.409 0.155 7 2.000 2.000 0.000 0.103 2.000 
0.418 0.564 2.000 2.000 0.000 0.161 2.000 
0.427 0.570 2.000 2.000 0.000 0.217 2.000 
0.436 0.57-5, 2.000 2.000 0.000 0.268 0.000 
0.445 0.579 0.000 2.000 0.000 0.313 0.000 
0.454 0.583 0.000 2.000 0.000 0.1150 0.000 
0.464 0.586 0.000 2.000 0.000 0.380 0.000 
0.473 0.588 0.000 2.000 0.000 0.403 0.000 
0.482 0.590 0.000 2.000 0.000 0.410- 0.000 
0.491 0.591 0.000 2.000 0.000 0.428 0.000 
0.500 0.591 0.000 2.000 0.000 0.431 0.000 
0.509 0.591 0.000 2.000 0.000 0.426 0.000 
0.518 0.590 0.000 2.000 0.000 0.419 0.000 
0.527 0.586 0.000 2.000 0.000 0.403 0.000 
0.536 0.586 0.000 2.000 0.000 0.380 0.000 
0.545 0.583 0.000 2.000 0.000 0.350 0.0100 
0.555 0.579 0.000 2.000 0.000 0.312 0.000 
0.564 0.575 2.000 2.000 0.000 0.268 0.000 
o. 573 0.570 2.000 2.000 0.000 0.217 2.000 
0.582 0.564 2.000 2.000 0.000 0.161 2.000 
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0.591 0.557 2.000 2.000 O-Coo 0.102 2.000 
0.600 0.550 2.000 2.000 0.000 0.043 2.000 
0.609 0.542 2.000 2.000 0.000 2.000 0.000 
0.618 0.533 2.000 0.011 2.000 2.000 0.000 
0.627 0.523 2.000 0.031 2.000 2.000 0.000 
0. E636 0.513 2.000 0.052 2.000 2.000 0.000 
0.646 0.502 2.000 0.073 2.000 2.000 0.000 
0.655 0.4910 2.000 0.094 2.000 2. OCO 0.000 
0.664 0.477 2.000 0.114 2.000 2.000 0.000 
0.6673 0.4664 2.000 0.134 2.000 2.000 0.000 
0.682 0.450 2.000 0.153 0.000 2.000 0.000 
0.691 0.43ro 2.000 0.171 0.000 2.000 0.000 
0.700 0.421 2.000 0.188 0.000 2.000 0.000 
0.709 0.405 2.000 0.204 0.000 2.000 0.000 
0.718 0.389 2.000 0.218 0.000 2.000 0.000 
0.727 0.373 2.000 0.231 0.000 2.000 0.000 
0.737 0.356 2.000 0.242 0.000 2.000 0.000 
0.746 0.339 2.000 0-2 50 1 0.000 2.000 0.000 
0.755 0.321 2.000 0.259 0.000 0.022 2.000 
0.764 0.304 2.000 0.264 0.000 0.080 2.000 
0.773 0.286 2.000 0.268 0.000 0.140 2. COO 
0.782 0.268 2.000 0.271 0.000 0.198 2.000 
0.791 0.250 2'1.000 0.271 0.000 0.251 0.000 
0.800 0.233 2.000 0.270 0.000 0-2198 0.000 
0.809 0.215 2.000 0.267 0.000 0.332; 0.000 
0.818 0.198 2.000 0.262 0.000 0.370 0.000 
0.828 0.181 1.960 o. 2-156 0.000 0.396 0.000 
0.837 0.164 1.902 0.247 0.000 0.414 0.000 
0.846 0.148 1.850 0.237 0.000 0.426 0.000 
0.855 0.132 1.805 0.226 0.000 0.431 0.000 
0.864 0.117 1-7664 0.212 0.000 0.430 0.000 
0.873 0.103 1.729 0.198 0.000 0.423 0.000 
0.682 0.089 1.697 0.181 0.000 0.409 0.000 
0.891 0.076 1.669 0. lEo4 0.000 0.388 0.000 
0.900 0.063 1.044 0.145 0.000 0.361 0.000 
0.909 0.052 1.622 0.126 2.000 0.326 0.000 
0.919 0.041 1.6603 0.105 2.000 0.284 0.000 
0.928 0.031 1.587 0.085 2.000 0.236 0.000 
0.937 0.022 1.573 0.064 2.000 0.181 2.000 
0.946 0.014 1.5-60 0.043 2.000 0.123 2.000 
0.955 0.007 1.550 0.022 2.000 0.064 2.000 
A search is made for points on each of the graphs 
where three of the curves intersect. If no such point can 
be identified, the analysis is repeated from step (i) using 
a new trial value of L 2* 
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TABLE 1.1 POSSIBLE DEFECTS WITHIN PILES 
CAST IN-SITU CONCRETE PILES 
DEFECT 
Hollow on surface of pile 
sbaft with associated 
small bulbous projection 
some short distance 
beneath bollow. 
2) Soil or debris embedded 
in concrete near the top 
of pile. 
3) Soil or debris at base of 
pile. 
4) Debris embedded in pile 
shaft. 
5) Local reductions in 
diameter of shafts 
(waisting) without 




Overbreak of unstable soil. 
Use of doubl. e temporary 
casings and extraction of 
outer casing before inner 
resulting in localised 
cavitation. 
Rupture of very soft 
Overbreak of soil near 
ground surface producing 
sudden loss of concrete 
when casing is extracted. 
Dislodgement of lumps of 
soil from the sides of the bore sometimes caused by 
delay in concreting the 
shaft. 
Carelessness or lack of 
short length of temporary 
casing at top of the pile 
projecting above the ground 
surface. 
Lower edge of steel liner 
withdrawn above upper 
surface of concrete being 
driven by internal drop 
hammer. 
the Insufficient head of coActele- 
within steel liner durina 
extraction. 
66) Discontinuities in pile 
shaft rrainly soil 
inclusions. 
Distortion of pile shaft. 
Low workability concrete or 
premature setting of 
concrete or excessive 
period of time between 
mixing concrete and 
extraction of casing. 
Lateral movements of steel 
liner during extraction. 
- T. 1 - 
Table 1.1 (contd) 
8) Containment of concrete 
within cage witb resultant 
lack of cover to 
reinforcement or lack of 
concrete in under-reamed 
bases. 
Excessive quantity of 
reinforcement in cage. 
9) Collapse of reinforcernent 
cage - 
Inadequate design or 
construction of cage. 
10) Poorly consolidated Low workability concrete. 
concrete which is 
occasionally absent outside 
-cne reiLnrorcemenz cage. 
11) Discontinuities in pile 
shaft, often complete 
separation of concrete. 
Low workability concrete, 
sorretimes in lower portion 
of shaft due to lack of 
continuity in placing 
concrete. 
12) Dilution of water cement 
paste and formation of soft 
whitish cement paste. 
Penetration of groundwater 
into body of pile due to 
incorrect mix design. 
13) Excessive bleeding of water High water: cement ratio 
from the exposed surface at concrete mix. 
the top of pile. 
14) Weak and partially Significant accumulation 
segregated concrete at pile of groundwater at base of 
base. bore prior to placing first 
batch of concrete. 
15) Inclusions of clay lumps 
within pile shaft. 
Clay lumps adhering to 
temporary casing which are 
subsequently displaced by 
, he viscous concrete and 
thus incorporated in the 
body of the pile. 
16) Occasional segregation of 
concrete in pile shaft. 
17) Segregation of concrete 
with dilution of water 
cement paste and formation 
of soft whitish paste, 
sometimes layers of sand 
and gravel within the body 
of the pile. 
concrete impinging on 
reinforcement cage during 
placing. 
Uncontrolled activation of 
trip mechanisms in concrete 
placers used to place 
concrete in water-filled. 
bores. 
Raising of trernie above 
surface of concrete either 
accidentally or in an 
attempt to restart placing 
after interrupting free 
flow of concrete. 
Significant groundwater 
flow through relatively 
- T. 2 - 
'ranie I. 1 (contd ) 
18) Inclusion of soil and 
debris near top of pile. 
permeable strata. 
"Topping up,, operations. 
Additional concrete 
discharged on top of 
previous lift after casing 
is rerroved - 
19) Serious discontinuities in Aggregate interlock and 
shaft. raising of concrete within 
casing during extraction 
from use of poker vibrator. 
20) Disintegration of concrete. Chemical attack . 
IMPACT DRIVEN PILES 
Impact damage at exposed 
surface of pile. 
2) Fracture of pile (less 
likely with steel piles). 
Incorrect hammer weight 
or cushion material for 
type of pile. 
Continued striking of pile 
after tip of pile has made 
contact with bed-rock or 
hard obstruction. 
3) Rotting of untreated timber Chemical or termite attack 
piles. or pile not sufficiently 
far below groundwater 
level. 
4) Excessive bowing, or 
or "out-of-plumbness" of 
Pile. 
IAO-de-quate lateral support 
or overdriving. 
IMPACT AND VIBRATION DRIVEN PILES 
Same as for "impact driven piles" but construction 
faults are less likely to occur as the driving force is 
considerably reduced wben driving with the aid of a 
vibrator. 
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TABLE 2.1 PREDICTED DYNAMIC CHARACTERISTICS OF TWO FREELY 
SUSPENDED UNIFORM BARS 
A) CONCRETE BAR 
VALUE OF AXIAL 
DAMPING RESONANT 
%-ONSTANT FREQUENCY 
I Til [Hz. ] 
N=l N=2 N=3 
0.0060 2108.2 4216.4 6324.5 
0.0070 11 11 11 If 
0.0075 4216.3 It If 
0.0080 11 11 If 
0.0085 11 11 11 
0.00-010 of of If 
0.0100 If to it If 
VALUE OF AMPLITUDE OF SPECIFIC 
DAM-PING RECEPTANCE DAMPING 
CONSTANT AT RESONANCE CAPACITY 
1-n I x 10 -8 m/N 
N=l N=2 N=3 N=l N=2 N=3 
0.0060 55.53 13-F8 6.17 0.039 0.041 0.038 
0.0070 47.60 11.0-0 5.29 0.046 0.046 0.046 
0.0075 44.43 11.11 4.94 0.052 0-051 0.050 
0.0020 41.65 10.41 4.63 0.054 0.0 -15 
3 0.053 
0.0085 39.20 9.80 4.36 0.056 0.057 O-05W 
0.0090 37.02 9.26 4.12 0.060 0.060 0.060 
0.0100 33.30 2 8.33 3.71 0.067 0.066 0.065 
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'ra Dle 2.1( contd ) 









N=l N=2 N=3 
0.00010 2586.1 5172 .2 7 758.3 
0.00020 of If If to of 
0.00025 If 11 111 If 
0.00030 of of of It 
0.000 -- 5 of If it it if 
0.00040 If it It 11 to of 
0.00050 to Is If it if 01 
VALUE OF AMPLITUDE OF SPECIFIC 
DAM-PING RECEPTANCE DAMPING 
CONSTANT AT RESONANCE CAPACITY 
I Til x 10- 
8 
m/N--l 
N=l N=2 N=3 N=l N=2 N=3 
0.00010 634-60 158.70 70.51 0.001 0.001 0.001 
0.00020 317.30 79.33 35.26 0.001 0.001 0.002 
0.00025 253.60 63.46 28.21 0.003 0.002, 0.002 
0.00030 211.50 52.89 23.50 0.003 0.002 0.002 
35 0-000ý- 181.30 45.31 20-15 - 0.003 0.002 
0.002 
0.00040 158.70 3-0.66 17.63 0.003 0.004 0.003 
0.00050 126.90 31-73 14.10 0.005 0.004 0.003 
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TABLE 2.2 
(a) In air 
PREDICTED AXIAL RESONANT FREQUENCIES OF MODEL 











(b) Vass of soil included in vibration 
Concrete (fully embedded) 1027.2 
(-51.0%) 3 
Concrete (base support) 1882.9 
(-10.2%) 
Steel (fully embedded) 
Steel (base support) 
2038.6 











1863.9 3666.9 5471.6 
(-27.9%) (-29.1%) (-29.4't) 
2486.2 4951.7 7414.0 
(- 3.6%) (- 4.2%) (- 4.4%) 
Mass of soil excluded in vibration 
Concrete (fully embedded) 2222.8 4283.9 
(+ 5.4%) (+ 1.6%) 
Concrete (base support) 2134.5 4223.1 
(+ 1.3%) (+ 0.2%) 
Steel (fully embedded) 
Steel (base support) 
I 
2612.4 5181.1 
(+ 1.0%) (+ 0.2%) 
2591.5 5166.9 








(-0-' oe ) 
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TABLE 2.3 PREDICTED VALUES OF RECEPTANCE OF MODEL PILES 





CONCRETE CONCRETE STEEL STEEL 
(EMBEDDED) (SUPPORTED) (EMBEDDED) (SUPPORTED) 
0.0 N=l 188.510 207.90 40.18 40.09 
N=2 54.63 61.02 10.45 8.74 
N=3 24.54 28.57 4.74 6.05 
o. 2 N=l 46.56 51.75 10.22 11.09 
N=2 14.64 17.94 2. E67 2.70 
N=3 6.66 8.86 1.12 1.24 
o. 4 N=l 26.84 28.22 5.63 5.96 
N=2 8.08 10.63 1.53 1.76 
N=3 3.78 5.57 0.57 o. 92 
(All values x 10- 
8 
m/N) 
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TABLE '-, '. 4- VALUES OF Yi(SEE EQN. 2.4-6) 
(after Veletsos and Verbic (10,73)) 
QUANTITY POISSON'S RATIO 
0.00 0.33 0.50 
Yl o. 2 -15 0. 35 0- oc 
Y2 1.00 0. 80 0.00 
Y3 0.00 0. 00 0.17 
Y4 0.65 0. 75 0.8-5 
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TABLE 2.5 PREDICTED DYNAFIC CHARACTERISTICS OF EMBEDDED 
UNIFORM MODEL PILES USING DIFFERENT VALUES OF 
POISSON'S RATIO AND DAMPING OF SOIL 
A) AXIAL RESONANT FREQUENCIES (Hz) 
CONCRETE 
N=l N=2 N=3 
IN AIR 2106.1 4215.9 6323.0 
POISSON'S 
SDC RATIO 
0.0 * 0.00 1978.0 4163.3 6290.6 
(-6.2%) (-1.2-'iF, ) (-0.5%) 
0.0 * 0.33 
0.0 * 0.50 
0.0 0.00 
0.0 0.33 
0.0 0.5 0 
N=l N=2 N=3 

















1972.5 4160.9 6289.4 
(-6.4%) (-1.3%) (-0.5%) 
1964.1 4136.5 6247.4 
(-6.8%) (-1.9%) (-1.2%) 

















2595.3 5176.4 7761.3, 
(+0.4*c) (+0.1%) (+0-19t) 
2595.3 5176.4 7761.3 
(+0.4%) (+O. loit) (+0.10-, 
-) 
2591.7 5167.4 7746.8 
(+0.2ý) (-0.1ý) (-0-1ý) 
o. 2 0.00 1983.4 4155.0 6282.9 
(-5.9%) (-1.4%) (-0.6%) 
o. 2 0.33 
o. 2 0.50 
o. 4 0.00 




















1979.8 4152.0 6281.8 
(-6.1%) (-1.5%) (-0.7%) 
1976.9 4129.3 6239.7 


















(-i a 5%) 
2590.0 5171.9 7757.0 
(+0.21) ( 0.0%) (+0.1%) 
2590.0 5171.9 7757.0 
(+0.2'-', 
-) 
( 0.0%) (+0.1%) 
2586.11 5162.4 7741.1 
( 0.0ý) (-0.1%) (-0.1%) 
See notes at end of table for explanation of symbols. 
- T. 9 - 
Tabi 2.5 (contd) 






N=3 N=l N=2 N=3 
IN AIR 47.60 11.90 5.29 211-50 52.89 23.50 
POISSON'S 
SDC RATIO 
0.0 * 0.00 0.835 0.398 0.262 
0.0 * 0.33 0.829 0.394 0.260 
0.0 * 0.50 0.830 0.397 0.262 
0.0 0.00 0.840 0.399 0.263 
0.0 0.33 0.834 0.396 0.260 
0.0 0.50 0.834 0.398 0.262 
o. 2 0.00 0.841 0.400 0.263 
o. 2 0.33 0.834 0.3096 0.260 
o. 2 0.50 0.835 0.399 0.262 
o. 4 0.00 0.841 0.400 0.263 
o. 4 0.33 0.835 0.396 0.260 
o-4 0.50 0.835 o. 390- 0.262 
0.534 0.265 0.176 
0.527 0.261 0.173 
0.524 0.261 0.173 
0.542 0.266 0.176 
0.534 0.262 0.174 
0.532 0.262 0.173 
0.540 0.266 0.176 
0 532 0.262 0.174 
0.530 0.261 0.173 
0.538 0.265 0.176 
0.530 0.261 0.173 
0.528 0.261 0.173 
See notes at end of table for explanation of symbols. 
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-. L- a jD Le e. -') (contd) 
C) SPECIFIC DAMPING CAPACITIES 
CONCRETE STEEL 
N=l N=2 N=3 N=l N=2 N=A 
IN AIR 0.046 0.046 0.046 0.002 0.002 0.002 
POISSCN' S 
SDC RATIO 
0.0 0.00 NP 1.551 0.995 0.741 0.373 0.249 
0.0 o. 33 NP 1.593 1.013 0.751 0.378 0.253 
0.0 0.50 NP 1.588 1.010 0.756 0.379 0.25,4 
0.0 0.00 NP 1. ý 543 0.0 -191 0.729 0.371 0.249 
0.0 0.33 NP 1.576 1.010 0.740 0.377 0.253 
0.0 0.50 NP 571 1. ý 1.00ro 0.744 O. ý 378 0.253 
o. 2 0.00 NP 1.549 0.993 0.732 0.372 0.249 
o. 2 0.33 NP 1.583 1.012 0.743 0.377 0.253 
o. 2 0.50 NP 1.577 1.008 0.747 0.379 0.254 
o. 4 0.00 NP 1.554 0.996 0.737 0.373 0.250 
o. 4 0.33 NP 1.589 1.015 0.747 0.3378 0.253 
o. 4 0.50 NP 1.584 1.011 0.751 0.380 0.25,4 
NOTE 
The figures in brackets are the % changes from the 
corresponding resonant frequencies of the pile in air. 
Determined using linear-elastic soil model suggested by 
Baranov (1967). 
NP Could not be calculated due to overestimation of damping 
within soil-pile system (see Section 6.2.2.1). 
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TABLE 2.6 PREDICTED AND MEASURED DYNAMIC CHARACTERISTICS 


























N=l N=2 N=3 
2068 4168 6276 
2.10 0.86 0.51 
0.859 0.432 0.290 
N=l N=2 N=3 
2589 5181 7739 
1.39 0.89 0.63 
0.284 0.155 0.077 
MEASURED 
N=l N=2 N=3 
2063 4153 6300 
2.25 0.46 0.33 
0.755 0.719 0.620 
N=l N=2 N=3 
2591 5180 7737 
1.26 0.86 0.57 
0.293 0.195 0.087 
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TABLE 4.1 MATERIAL PROPERTIES AND PHYSICAL DIMENSIONS 
OF UNIFORM MODEL PILES 
TYPE OF LENGTH DIAMETER YOUNG'S 
CODE PILE OF PILE OF PILE MODULUS DENSITY 
(n) (rn) (GN /rn 2) (kg/m3) 
Cl CONCRETE 0.962 0.0497 35.9 2244.8 
C2 11 0.964 0.0499 35.7 2249.8 
C3 of 0.953 0.0495 34.8 2238.1 
C4 0.957 0.0499 36.4 2250.9 
C5 0.962 0.0499 35.2 2245.0 
C6 0.686 0.0499 36.2 2250.9 
si STEEL 0.973 0.0433 206.8 7808.5 
S2 0.997 0.0444 207.0 7824.8 
S3 1.191 0.0644 201.9 7586.3 
S4 0.718 0.0433 2066.3 7 80 8- -57 
S5 11 11 0.909 0.0644 201.9 7586.3 
sio 11 it 0.990 0.0444 198.4 7626.7 
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CODE TYPE MOD. DENS. LD L D z 
(GN/iTt 2) (kg/rn3) (inrn) (rrim) (rnm) (mrr, ) (rn. iii) 
PILES WITH A BULB DEFECT 
C9B1 CONCRETE 36.6 2245.8 990 44.4 92 148.8 211 
ClOB1 11 11 11 to 992 it of 521 
CllBl $I It 11 It 988 it It 767 
C12B1 of of Be 11 It 11 77 149.3 944 
PILES WITH A NECK DEFECT 
SlNl STEEL 206.8 7808.5 973 43.3 47 30.2 770 
SlN2 11 it to 49 20.5 769 
S2N1 of 207.0 7824.8 997 44.4 8 40.7 38 5ý 
S2N2 11 It of if 11 85 40.4 500 
S2N3 go is it of If 88 31.8 503 
S3N1 of If 201.9 7586.3 1191 64.4 16 58.0 226 
S 3N2 Is 11 11 of of 61 49 48.5 242 
S7N1 If 206.8 7808.5 824 43.3 49 20.5 769 
S8N1 207.0 7586. -2 787 44.4 88 31.8 503 
S9N1 201.9 7626.7 1004 64.4 49 48.5 949 
SlON1 198.4 782-15.6 990 44.4 103 37.0 375 
PILES WITH TWO NECK DEFECTS 
SlON2 It If It it of 10 31 37.0 375 
58 36.0 739 
SlON3 11 If It 11 It of 11 11 58 36.0 730, 
106 26.0 372 
S 1ON4 106 26.0 372 
67 13.0 740 
PILES WITH A CRACK DEFECT 
YOUNG'S AREA 
CODE TYPE MOD. DENS. L D RE MAINING z 
(GN/m2) (kg/m3) (rn. m) (rnm) (mrn) 
sici STEEL 206.8 7808.5 973 43.3 0.916 781 
C3C1 CONCRETE 34.5 2238.1 953 50.0 0.537 690 
C4C1 it If 36.9 2250.9 957 0.803 860 
C4C2 If 11 11 11 0.492 It 
C5C1 35.3 2245.0 962 0.800 513 
C7C1 if If 34.5 2238.1 725 If 0.537 690 
C8Cl Is If 35.3 2245.0 755 11 0.800 513 
Z= DISTANCE OF CENTROID OF DEFECT TO END OF PILE 
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TABLE 4.3 COEFFICIENTS OF LINEAR EXPANSION (a') AND 
THERMAL MODULUS OF ELASTICITY (u") OF PILE 
MATERIALS 
REFERENCE 
STEEL 1.1 x 10- 
5 
(1) 
CONCRETE 1.2 x 10 (1) 
2.4 x 10 




(1 ) Kaye and Laby (1973 
(2) Lilley (1977) 
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TABLE 4.4 OBSERVED DYNAMIC CHARACTERISTICS OF UNIFORM 
MODEL PILES IN AIR 
A) CONCRETE PILES 
CODE N Cl C2 C3 C4 C5 C6 
1 2040 2052 2049 2086 2048 2888 
AXIAL 
RESONANT 2 4129 4134 4119 4204 4140 5912 
FREQUENCY 
[Hzl 3 6307 6225 6171 6335 6180 8784 
AMPLITUDE 1 40-03 39.73 40-03 38.75 38-13 26.61 
OF 
RECEPTANCE 2 7.39 7.69 10-07 8.54 8.58 7.42 
AT 
RESONANCE 3 3.84 3.73 4.45 4.47 4.46 2.13 
EX10-OMIN-1 
1 0.043 0.044 0.046 0.045 0.044 0.044 
SPECIFIC 
DAMPING 2 0.049 0.046 0.044 0.050 0.045 0.043 
CAPACITY 
3 0.048 0.047 0.044 0.042 0.043 0.049 
B) STEEL PILES 
CODE N si S2 S3 S4 S5 sio 
1 2644 2581 2167 3579 2840 2577 
AXIAL 
RESONANT 2 5288 5159 4332 7164 5676 5152 
FREQUENCY 
[H7,1 3 7934 7735 6493 10730 8502 7723 
AMPLITUDE 1 197.36 148.13 126.37 376.31 277.16 242-00 
OF 
RECEPTANCE 2 104.78 38.75 67-10 44-18 80.60 69.54 
AT 
RESON, 6NCE 3 16.45 14.76 52.70 15.98 27.07 36.14 
EX10-c'rn/Nl 
1 0.004 0.004 0.002 0.001 0.002 0.003 
SPECIFIC 
DAMPING 2 0.004 0.001 0.001 0.002 0.001 0.002 
CAPACITY 
3 0.003 0.004 0.001 0.003 0.001 0.006'. 
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TABLE 4.5 OBSERVED DYNAMIC CHARACTERISTICS OF EMBEDDED 
UNIFORM MODEL PILES IN SAND 
A) CONCRETE PILES 
The figures given in parentheses represent the change in 
axial resonant frequencies of the piles due to 
eirbedment, expressed as a percentage of the 
corresponding resonant frequencies of the pil-es in air. 
CODE N Cl C2 C3 C4 C5 C6 
1 2063 2100 2064 2102 2073 2896 
[1-131 [2-343 [0.731 [0.773 El-223 [0.281 
AXIAL 
RESONANT 2 4151 4173 4147 4237 4168 5907 
FREQUENCY F-0.891 [0.0,41 [0.681 [0.781 [0-681[-0.08j 
[Hzl 
3 6300 6252 6210 6362 6230 8780 
[-0.113 [0.431 [0.637 [0-431 [0.811[-0.057 
AMPLITUDE 1 2.25 1.94 2.18 2.50 2-54 1.87 
OF 
RECEPTANCE 2 0.46 0.41 0.48 0.46 0.58 0.50 
AT 
RESONANCE 0.33, 0.32 o. 34 0.34 0.43 0.51 
1 0.755 0.721 0.785 0.582 0.616 0.603 
SPECIFIC 
DAMPING 2 0.719 0.625 0.721 0.552 0.515 0.413 
CAPACITY 
3 0.620 0.474 0.683 0.489 0.430 0.257 
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Table 4.5 (contd) 
STEEL PILES 
CODE N si S2 S3 S4 S5 sio 
1 2682 2591 2178 3603 2863 2589 
E1 . 441 [0-393 EO-511 [0-671 [0-811 [0.473 
AXIAL 
RESONANT 2 5321 5180 4337 7176 5687 5170 
FREQUENCY [0-621 [0-413 EO-121 [0-171 [0.19] [0.353 
[Hzl 
3 7964 7737 6493 10736 8 
-5 12 7734 [0.383 [0-031 [0.001 [0-061 [0.121 [0.141 
AMPLITUDE 1 1.15 1.26 0.81 1.21 8 0.2.6 1.55 4 
OF 
RECEPTANCE 2 0.57 0.86 0.37 0.88 0.41 0.61 
AT 
RESONANCE 3 0.48 0.57 0.21 0.43 0.31 0.36 
X1 0- 8fn/N -1 
1 0.338 0-293o 0.268 0.253 0.217 0.271 
SPECIFIC 
DAMPING 2 0.172 0.195 0.235 0.121 0.132 0.201 
CAPACITY 
3 0.099 0.087 0.145 0.106 0.090 0.121 
- 16 - 
TABLE 4.6 OBSERVED DYNAMIC CHARACTERISTICS OF A CONCRETE 
MODEL PILE BEFORE AND AFTER THE ATTACHMENT OF 














N=l N=2 N=3 
2052 4134 6225 
39.73 7.69 3.73 
0.044 0.046 0.047 
FULLY EMBFDDED 














N=l N=2 N=3 
2038 4117 6185 
39.42 7.72 4.07 
0.046 0.045 0.045 
N=l N=2 N=3 
5- 8 6214 2100 4173 6252 2087 41ý 
E+2.3%1[+0-9%3E+0.49c] E+2.4q]E+1.0%3[+0.5%3 
1.94 0.41 0.32 
0.721 0.625 0.474 
3.04 0.50 0.36 
0.576 0.499 0.381 
Figures in brackets are 'Sc) changes from the corresponding 
resonant frequencies of the pile in air. 
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TABLE 4.7 
IN AIR 
OBSERVED DYNAMIC CHARACTERISTICS OF A STEEL 
MODEL PILE WITH SMOOTH AND ROUGH SURFACES 
SMOOTH 
N=l N=2 N=3 
AXIAL 








DAMPING 0.002 0.001 0.001 
CAPACITY 
FULLY EMBEDDED 












2863 5687 8512 
[+0.8%1[+0.2%1[+0.1%3 
0.86 0.41 0.31 
0.217 0.132 0.0-010 
ROUGH 
N=l N=2 N=3 
2831 5659 8474 
144. r 56 38.15 8.48 
0.002 0.002 0.002 
N=l N=2 N=3 
2846 5679 8497 
[+0.5%1[+0.4%3[+0.3%3 
0.65 0.39 0.24 
0.287 0.180 0.121 
Figures in brackets are % changes from the corresponding 
resonant frequencies of the pile in air. 
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TABLE 4.8 OBSERVED DYNAMIC CHARACTERISTICS OF DEFECTIVE 
MODEL PILES 
A) AXIAL RESONANT FREQUENCY [Hz] 
N=l N=2 N=3 
IN IN IN IN IN IN 
CODE AIR SAND AIR SAND AIIR SAND 
C9B1 1659 1699 4190 4220 5672 5655 
ClOB1 2137 2114 2888 2888 6150 6030 
CllBl 1678 1672 4301 4240 6209 6358 
C12B1 1440 1450 3435 3375 5556 5432 
SlNl 2628 2642 5031 5040 7678 7673 
SlN2 2516 2545 4562 4577 7384 7389 
S2N1 2574 2595 5167 5182 7710- 7717 
S2N2 2534 2568 5234 5256 7614 7631 
S2N3 2373 2412 5389 5405 7244 7261 
S3N1 2168 2175 4320 4335 6471 6473 
S3N2 2165 2202 4200 4211 6337 6349 
S7Nl 3251 3267 6309 6345 8773 8812 
S8N1 3013 3055 6395 6413 10206 10213 
S9N1 2612 2638 5194 5215 7713 7727 
SlON1 2486 NT 5141 NT 7878 NT 
SlON2 2513 NT 5078 NT 7581 NT 
SlON3 2218 NT 4971 NT 7533 NT 
SlON4 2221 NT 4698 NT 6172 NT 
sici 2642 2642 5278 5279 7919 7921 
C3Cl 1974 1984 3901 3905 5986 6006 
C4C1 2086 2107 4174 4173 6256 6270 
C4C2 2086 2088 4147 4150 6174 6180 
c5cl 2033 2043 4139 4140 6156 6161 
C7C1 27033 2706 5378 5407 7984 6008 
c8cl 2616 2632 5230 5248 7798 7805 
NOTE 
NT - Not Tested 
- T. 21 - 
-. L-aiDiLe 4. u tcontd) 
B) AMPLITUDE OF RECEPTANCE AT RESONANCE (xlCF 
8 
m/N) 
N=l N=2 N=3 
IN IN IN IN IN IN 
CODE AIR SAND AIR SAND AIR SAND 
C9Bl 9.91 1.81 2.07 1.39 5.20 0.82 
ClOB1 52-58 1.94 8.09 0.80 9.81 1.55- 
CllBl 71.12 1.48 13.34 0.70 0.73 0.13 
C12B1 70.39 1.88 9.40 0.76 7.81 0.64 
SlNl 145-37 1.49 98.89 0.55 68-59 2.16 
SlN2 158.99 1.04 177-93 0.67 75-80 0.90 
S2N1 293.55 1.26 102-61 0.62 79-85 1.32 
S2N2 250.33 1.30 81.79 0.47 89-56 0.51 
S2N3 350.05 1.34 72.42 0.62 57-82 0.44 
S3N1 315.36 1.10 41.30 0.42 41-12 0.21 
S3N2 185.00 0.46 77.02 0.34 31.68 0.28 
S7N1 349.94 0.79 119.66 0.32 82-84 0.20 
S8N1 147.71 1.06 97.26 1.05 60-13 0.34 
S9N1 218.70 0.70 93.59 0.30 38-66 0.25 
SlON1 194.52 NT 172.91 NT 146.33 NT 
SlON2 161.74 NT 139-69 NT 553 - 64 NT 
S1 ON. 3 244.62 NT 181.36 NT 30.20 NT 
SlON4 231-08 NT 100-67 NT 44-66 NT 
sici 241.15 1.15 109.15 0.57 72-95 0.48 
C3C1 38-82 2.69 8.44 0.45 3.62 0.43 
C4C1 40.35 2.48 9.06 0.46 3.91 o. .5 
C4C2 36.72 1.71 9.10 0.44 3.09 0.2.3 
C5C1 38.20 2.55 10.08 0.54 4.27 0.29 
C7C1 39-07 3.36 8.64 0.57 3.10 0.21 
c8cl 30.74 3.46 9.35 0.46 4.22 0.62 
NOTE 
NT - Not Tested 
- T. 22 - 
. Lciu-Le 4. b kcontd) 
C) SPECIFIC DAMPING CAPACITY 
N=l N=2 
IN IN IN IN 




cloBi 0.054 0.788 
CllBl 0.052 0.777 
C12B1 0.055 0.628 
SlNl 0.005 0.231 
S1N . 2-' 0.004 0.303 
S2N1 0.002 0.299 
S2N2 0.002 0.333 
S2N3 0.002 0.267 
S3N1 0.002 0.065 
S3N2 0.004 0.490 
SM 0.001 0.379 
S8Nl 0.004 0.237 
S9N1 0.002 0.250 
SlON1 0.004 NT 
SlON2 0.004 NT 
SlON3 0.002 NT 
SlON4 0.003 NT 
sici 0.002 0.350 
C3Cl 0.049 0.703 
C4C1 0.044 0.853 
C4C2 0.043 0.882 
C5C1 0.043 0.668 
C7C1 0.045 0.675 
c8cl 0.044 0.645 
NOTE 


























































PREDICTED AMPLITUDES OF RECEPTANCE AT RESONANCE 




(2) (1) (2) 
C9B1 12.81 86-35 1.61 15.34 26-35 0.85 
ClOB1 57.83 35.60 14.11 32.37 9.87 0.75 
CllBl 85.62 12-60 14.66 1.81 5.47 2.12 
C12B1 91.40 19.06 18.14 0.83 7.06 0.14 
S 1N 1, 198-60 251.72 52.85 61.99 26.58 15.18 
SlN2 171.13 314-70 61.66 63.59 31- 133 6.85 S2N1 212-58 214.54 53-88 52.76 22.30 23-31 
S2N2 206.29 205.91 52.78 52.73 23-85 23-89 
S2N3 229.81 231.85 48.73 46.71 24.88 26.82 
S3N1 265.83 259.41 67.57 65.19 . 0' 8-39 29.40 
S3N2 208.10 180.91 63-11 55-13 23-13 31.55 
S7N1 167.52 214.42 39.61 112.07 1 -S . 70 101-39 S8Nl 160.27 222.55 55.29 23.37 14.58 23-72 
S9N1 192-01 203-50 54.02 67.72 23.76 37.95 
SlON1 208.27 179-82 40.45 62.30 30.07 19.37 
IN SAND 
SlNl 0.81 0.87 0.45 0.56 o- 13,6 0.10, 
SlN2 0.68 1.70 0.48 0.51 0.42 0.08 
S2N1 0.93 0.96 0.48 0.46 0.31 0.32 
S2N2 0.95 0.95 0.46 0.46 0.32 0.32 
S2N3 0.95 0.96 0.45 0.42 o. 31 0.34 
S3N1 0.94 0.88 0.44 0.45 0.31 0.30 
S3N2 0.94 0.88 0.44 0.45 0,2 0.30 
S7N1 0.84 1.22 0.35 1.33 0.17 1.86 
S8Nl 0.82 1.32 0.67 0.24 0.23 0.42 
S9N1 0.93 0.0-8 0.47 0.46 0.32 0.28 
NOTE 
All values x 10 
8 
rn/N. 
Arnplitudes of receptance at resonance deterinined using 
the suggested position of the defect closest to the 
point of excitation of the pile. 
(2) - Arnplitudes of receptance at resonance 
determined using 
the suggested position of the defect more remote 
from 
the point of excitation of the pile. 
N=2 
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TABLE 5.2 REAL AND PREDICTED DEFECT CHARACTERISTICS WITHIN 
MODEL PILES 
PILES WITH A NECK OR BULB DEFECT 
IN AIR 
REAL PREDICTED 
L2 /L A2 /A 
1 
Z/L L /L A /A Z/L 2 2 1 
C9B1 0.093 11.23 0.223 0.08 12.2 0.23 ClOB1 0.093 11.23 0.525 0.08 10.8 0.55 
CllBl 0.093 11.23 0.776 0.08 12.6 0.76 C12B1 0.078 11.31 0.0-55 0.08 lo. 4 0.94 
SlNl 0.048 0.466 0.791 0.05 0.50 0.79 
SlN2 0.050 0.224 0.790 0.05 0.05 0.79 
S2NI 0.008 0.841 0.540 0.02 0.95 0.53 
S2N2 0.085 0.828 0.502 0.05 0.50 0.51 
S2N3 0.088 0. 5-13 0.5- 005 0.08 0.45 0.52 S3N1 0.013 0.811 0.1-00 0.02 0.86 0.17 
S3N2 0.041 0.567 0.203 0.04 0.55 0.20 
S7N1 0.025 0.224 0.933 0.06 0.25 0.94 
S8Nl 0.112 0.513 0.639 0.11 0.50 0.64 
S9NI 0.049 0.567 0.945 0.05 0., 51 O. q* 






2 Z/L L 
/L A /A Z/L 
2 21 
C9B1 0.093 11.23 0.223 
ClOB1 0.093 11.23 0.525 DEFECTS NOT INDICATED 
ClIB1 0.093 11.23 0.776 
C12B1 0.078 11.31 0.955 
SlNl 0.048 0.486 0.791 0.05 0.43 0.79 
SlN2 0.050 0.224 0.790 0.07 0.26 0.80 
S2N1 0.008 0.841 0.540 0.05 0.87 0.53 
S2N2 0.085 0.828 0.502 0.11 0.80 0.51 
S2N3 0.088 0.513 0.505 0.10 o. 49 0.51 
S3N1 0.013 0.811 0.190 0.04 0.82 0.16 
S3N2 0.041 0.567 0.203 0.04 0.55 0.20 
SM 0.025 0.224 0.933 0. Oro 0.25 0.96 
S8Nl 0.112 0.5-13 0.639 0.11 0.48 0.663 
S9N1 0.049 0.567 0.945 0.06 0.49 0.96 
See notes at end of table for explanation of symbols. 
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Table 5.2(contd) 
PILES WITH CRACK DEFECTS 
REAL PREDICTED 
IN AIR IN SAND 
Z/L Z/L EA IK Z/L EA /K 1 1 
Sici 0.802 0.79 540 o. 78 550 
C3C1 0.724 0.70 15 0.75 is 
C4C1 0.899 0.91 13 0.9-1 15 
C4C2 0.899 0.91 31 0.90 35 
C5C1 0.533 0.51 14 0.52 16 
C7C1 0.0,51 0.93 15 0.93 18 
c8cl 0.679 0.64 12 0.66 18 
L length of defect; 2 
L length of pile; 
*1 cross-sectional area of pile; 
*2 cross-sectional area of defect; 
Z= distance from centroid of defect to point of 
excitation; 
K= spring constant; 
E= Young's modulus of pile material. 
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TABLE A1.1 RECOMMENDED VALUES OF SOIL QUAKE AND DAMPING 
QUAKE 
STRATIFIED SAND 
AND CLAY WITH 
CLAY SAND PILE TIP IN SAND REF. 
SIDE QUAKE 0.1011 0.1011 
(2.5 rnm) (2.5 rnm) 
- 0.10-0.1511 0.2011 (2)* 
(2.5-3 .8 rnrn) (5-0 rnrn) 
0.1011 0.2011 (3) 
(2-5 rnm) (5.0 mm) 
0.1011 0.1011 (4) 
- (2 .5 mm) (2 -5 rrtm) 
END QUAKE 0.1091 0.1011 
(2.5 mm) (2 .5 rnm) - 
- 0.10-0.1511 0.2011 (2)* 
- (2.5-3.8 row) (5.0 mr) 
0.1011 0.4011 - (3) 
(2-5 rrrn) (10 -0 rnm) - 
- 0.1011 0.10 le (4) 




0.050 S/ft 0.050 S/ft (1) 
(0.164 s1m) (0.164 S/M) 
0.050 S/ft 0.050 s/ft (2)* 
(0.164 slin) (0.164 s1m) 
0.200 s/ft 0.500 S/ft - (3) 
(0.656 s1m) 1.640 S/M) 
- 0.050-0.100 s/ft 0.067-0.100 s/ft 
(4) 
(0.164-0.328 s1m) (0.220-0.328 s/m) 
END 0.150 s/ft 0.150 s/ft 
DAMPING (0.492 s/rn) (0.492 s1r) 
- 0.150 s/ft 
- (0.492 s/rn) 
0.010 S/ft 0.150 s/ft 
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-i-aDle Al. I (contd) 
0.150-0.300 s/ft 0.200-0.300 s/ft (4) 
(0.492-0-984 s/m) (0-656-0-984 s/m) 
Reference (1) - Smith (1960) 
11 (2) - Forehand and Reece (1964) 
It (3) - Coyle (1973) 
of - Ramey and Hudgins (1977) 
It may be assumed that side damping is generally 
one-third of that experienced at the embedded end. 
*A more detailed summary of soil quake and damping 
parameters of various soils is presented by Forehand and 
Reece (1964). 
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TABLE Al-2 SUMMARY OF THE CHARACTERISTICS OF PILE 
VIBRATION RESPONSE CURVES AND INTERPRETATION 
(after Davis and Dunn (1974)) 
CHARACTERISTIC OF PILE 
RESPONSE CURVE INTERPRETATION 
1) Initial slope at low 
frequencies (up to 20 Hz) 
= IV/Fj x2x (20) 
To be compared with similar 
piles in similar soils. 
High value 6.45 MN/mm 
Low value 0.2 5 MN /mm. 
Very stiff pile. Possible 
bulb forwed along shaft. 
Pile of poor stiffness. 
Possible complete gap in 
concrete. 
2) Speed of propagation of 
waves within concrete: 
3600-4000 rn/s Good well compacted 
concrete. 
. 1100-3300 m/s. 
3) Erratic response curve. 
4) Ratio of predicted value 




Good for concrete placed by 
tremie pipe otherwise 
dubious compaction of 
concrete. 
Pile not of constant 
stiffness. Localised fault 
may be present. 
Large shaft diameter, 
greater than that allowed 
for in design. 
1: 1 
>1 :1 
Confirms that the pile 
length and concrete quality 
are consistent. 
Likely that the upper 
section of the pile is 
defective - restricted cross 
-section area A or poor 
concrete. 
5) Value of N decreases with Pile head has greater 
increasing frequency. diameter than sbaft. 
Value of N increases with Pile head has smaller 
increasing frequency. diameter than shaft. 
- 29 - 
-, au-Le- i-i-L-z kcontci) 
6) Value of 1/(2 x Af x 
= mass of pile. 
If 1/(2 x Af x N) too low Mass of concrete is depleted 
- cbeck concreting records. 
7) Oscillations of response 
curve superimposed on 
on expected vibration 
response. 
Variation in pile d iameter 
on quality of concrete or 
stiffness of soil through 
which pile passes. Possible 
that top section of pile is 
above ground level. 
8) First resonant peak at : 
V/ (4L) Very stiff end. anchorage. 
V/ (2L) 
9) Af greater than 
anticipated. 
Very loose end anchorage. 
Pile is broken or fissured. 
10) Value of Af increases Lower values of Af give the 
with increasing frequency overall pile length. Higher 
(under-rearred pile). values give the depth to the 
start of the under-ream. 
11) Vibration curve heavily 
damped, greatly reduced 
stiffness value, no 
measurement possible for 
Af. 
Fault is very large or very 
close to the pile head. 
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-1 -0. G 
NORNALIZED AXIAL STRAIN 
-0.4 -0.2 +0.0 +0.2 +0_4 . 4-n 
PREDICTED AXIAL STRAIN MODE SHAPE 
(RECEPTAN E-- ANALYSIS USING VISCO-ELASTIC MATERIAL MODE IL L-L 
COMPUTER 
PREDICTION 
Z DISTANCE FROM FREE 
END OF BAR 
L LENGTH OF BAR 
+1.0 
FORCED RESONANT AXIAL VIBRATION 
STEEL BAR WITHOUT DEFECT 
LENGTH=1.000 M DIAMETER=O. Oi4. M 
FREELY SUSPENDED IN AIR 
* N=l RESONANT FREQUENCY= 2586.1 HZ. 
* N=2 RESONANT FREQUENCY= 5172.2 HZ. 


























AXIAL STRAIN PHASE ANGLE (DEGREES) 
40 80 120 160 200 210 280 320 
PREDICTED AXIAL STRAIN PHASE ANGLE 
(RECEPTANCE ANALYSIS USING VISCO-ELASTIC MATERIAL MODEL) 
FORCED RESONANT AXIAL VIBRATION 
STEEL BAR WITHOUT DEFECT 
Z= DISTANCE FROM POINT LENGTH=1.000 M DIAMETER=O. Oii M 
OF EXCI-T-ATION FREELY SUSPENDED IN AIR 
L= LENGTH OF BAR N=l RESONANT FREQUENCY= 2586.1 HZ. 
N=2 RESONANT FREQUENCY= 5172.2 HZ. 
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FINITE ELEMENT MODEL : CONCRETE/STEEL PILE (EMBEDDED) 
1) CONCRETE OR STEEL PILE WITHOUT DEFECT 
2) LENGTH=1.0 METRES DIAMETER=0.044 METRES 
3) 100%. EMBEDDED IN DRY SAND 
i) PILE ELEMENTS REPRESENTED BY SHADED AREA 
5) AXIAL SYMMETRY IS ASSUMED ABOUT THE 
CENTRE-LINE OF THE MODEL 
6) NODES ALONG THE CENTRE-LINE ARE ASSUMED 
TO HAVE VERTICAL MOTION ONLY 
7) NODES ALONG THE SANDITANK BOUNDARY 
ARE ASSUMED TO BE FIXED 
8) ALL OTHER NODES ARE FREE TO MOVE rm 










FINITE ELEMENT NODEL : CONCRETE/STEEL PILE (SUPPORTED) 
1) CONCRETE OR STEEL PILE WITHOUT DEFECT 
2) LENGTH=1.0 METRES DIAMETER=0.044 METRES 
3) SUPPORTED AT BASE BY DRY SAND 
4) PILE ELEMENTS REPRESENTED BY SHADED AREA 
5) AXIAL SYMMUTRY IS ASSUMED ABOUT THE 
CENTRE-LINE OF THE MOIDGL 
6) NODES ALONG THE CENTRE-LINE ARE ASSUMED 
TO HAVE VERTICAL MOTION ONLY 
7) NODES ALONG THE SANDITANK BOUNDARY 
ARE ASSUMED TO BE FIXED 
8) ALL OTHER NODES ARE FREE TO MOVE IN 
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BAR SECTION C 
E'IA2, p' 
A) SKETCH OF A BAR WITH A FINITE STRUCTURAL DISCONTINUII. Y 
RECEPTANCES 
Ali = pn =- COT(V LI> / (E"AtV) ell Pit - 
2 Pit /( P22 + '122 > 
722 = -fu =- COT( V L2) /( E'A2V ) s; is -Y= - 7=2 /< ý6 + -in) 
am = 64* =- COT( V L2)/( EAlV ) 'CIS P12722 / (ben + 'JAM) #12 =- COSEC( VLI ( E'AlV ) c(l I= at 1 8122 en + an) 
723 =- COSEC( N' L, < E'A2V ) c4l, = 8" 4: e= + 8n) 
Alt =- COSEC( VLs> /< E'AlW > al-t = fl'3401, /( en + an> 
WHERE ap P., -yo 6, e ARE THE RECEPTANCES p= DENSITY OF MA TERIAL 
OF AjBjCj, DvEo RESPECTIVELY. P= FREQUENCY OF EXCITATION 
E' (1+ii7)xELASTIC MODULUS At = AREA OF MAIN SECTIONS OF BAR 
77 DAMPING CONSTANT At = AREA OF DISCONTINUITY 
, \' = (p/E' ) "t xw= (p/E' )"2 x 27rP 
B) BAR_AS ABOVE SHOWN IN TERNS OF RECEPTANCES 
AA 
.1..................... 
THE TWO BAR$ SHOWN ABOVE HAVE THE SAME AXIAL RESONANT FREQUENCIES BUT 
THE RECEPTANCE AT "'A-v MAY NOT BE THE SAME IN BOTH CASES. 
C) SKETCH OF TWO IDENTICAL BARS 




















THE CHANGE IN AXIAL RESONANT FREQUENCY IS EXPRESSED 
AS A PERCENTAGE OF THE CORRESONDING RESONANT FREQUENCY 
IN AIR. 
THE VALUE OF DYNANIC SHEAR NODULUS OF SOIL USED IN 
THE ANALYSES WAS OBTAINED FRON EQN. 2.4.14. 
.0 
THE MODEL PILE WAS ASSUMED TO BE FULLY EMBEDDED IN DRY SAND. 
LENGTH = 1.0 My DIAN. = 0.044 M. 
VARIATION OF PREDICTED AXIAL RESONANT 
FREQUENCIES OF UNIFORN CONCRETE 
, 











THE VALUE OF DYNAMIC SHEAR MODULUS OF SOIL USED IN 
THE ANALYSES WAS OBTAINED FROM EQN. 2.4.14. 
THE MODEL PILE WAS ASSUMED TO BE FULLY EMBEDDED IN DRY SAND. 
LENGTH = 1.0 NY DIAN. = 0.044 M. 
VARIATION OF PREDICTED AMPLITUDE OF 
R 'EPTANCE AT RESONANCE OF UNIFORM CONCRETE EC 
NTC MODEL PILE WITH DYNA I SHEAR MODULUS OF SOIL 
Fig. 2.11 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
















THE VALUE OF DYNAMIC SHEAR MODULUS OF SOIL USED IN 
THE ANALYSES WAS OBTAINED FROM EQN. 2.4.14. 
THE MODEL PILE WAS ASSUMED TO BE FULLY EMBEDDED IN DRY SAND. 
LENGTH = 1.0 My DIAN. = 0.044 M. 
VARIATION OF PREDICTED SPECIFIC 
DANPING CAPACITY OF UNIFORM CONCRETE 
MODEL PILE WITH DYNANIC SHEAR MODULUS OF SOL 
Fig. 2.12 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 .0 







, --4 w 2.0 c3 -. i Z 9--4 0 gL CL (0 U» w 













CONCRETE PILE : LENGTH = 1.0 M, DIAM. = 0.044 M. 
STEEL PILE : LENGTH = 1.0 Mp DIAM. = 0.044 M. 
EMBEDDED IN DRY SAND. THE CHANGES IN RESONANT 
FREQUENCIES ARE EXPRESSED AS PERCENTAGES OF THE 
CORRESPONDING RESONANT FREQUENCIES OF THE PILE 
IN AIR. 
VARIATION IN PREDICTED AXIAL RESONANT FREQUENCIES 
-S WITH ADDED MASS OF SOIL OF UNIFORM MODEL PIL'ý 
Fig. 2.13 
H= LIMIT OF SAND EXCITED BY PILE 


















CONCRETE PILE : LENGTH = 1.0 Mp DIAM. = 0.044 M. 
STEEL PILE : LENGTH = 1.0 Mo DIAM. = 0.044 M. 
EMBEDDED IN DRY SAND. 
VARIATION IN PREDICTED AMPLITUDE OF RECEPTANCE 
AT RESONANCE OF UNIFORM MODEL PILES 








0.0 0.5 1.0 1.5 2.0 
LIMIT OF SAND EXCITED BY PILE 




















CONCRETE PILE : LENGTH = 1.0 Mo DIAM. 2-- 0.044 M- 
STEEL PILE Z LENGTH = 1.0 Mi DIAM. ý 0.044 M- 
EMBEDDED IN DRY SAND. 
VARIATION IN PREDICTED SPECIFIC DAMPING 
CAPACITY OF UNIFORM MODEL PILES 







0.0 0.5 1.0 1.5 2.0 
LIMIT OF SAND EXCITED BY PILE 
(MM FROM SOIL-PILE INTERFACE) 

























Xa . DEVIATION FROM CORRESPONDING AXIAL 
RESONANT FREQUENCIES OF PILE IN AIR 
0.1 0.2 
STEEL PILE : LENGTH = 1.0 M$ DIAM. = 0.044 M. 
EMBEDDED IN DRY SAND. THE CHANGES IN RESONANT 
FREQUENCIES ARE EXPRESSED AS PERCENTAGES OF THE 
CORRESPONDING RESONANT FREQUENCIES OF THE PILE 
IN AIR. 
0.5 
VARIATION IN PREDICTED AXIAL RESONANT FREQUENCIES 























STEEL PILE : LENGTH = 1.0 Mv DIAM. = 0.044 M. 
EMBEDDED IN DRY SAND. 
VARIATION IN PREDICTED AMPLITUDES OF RECEPTANCE 
AT RESONANCE OF UNIFORM STEEL MODEL PILE 
WITH DEPTH OF EMBEDNENT 
Fig. 2.17 
AMPLITUDE OF RECEPTANCE X 10"eM/N) 
































SPECIFIC DANPING CAPACITY 
0.1 0.2 0.3 0.4 n -. 9 
11 
STEEL PILE : LENGTH = 1.0 Mý DIAM. = 0.044 M. 
EMBEDDED IN DRY SAND. 
nc 0.7 
VARIATION IN PREDICTED SPECIFIC DANPING CAPACITIES 
OF UNIFORM STEEL MODEL PILE WITH DEPTH OF EMBEDNENT 
Fig. 2.18 
NORNALIZED AXIAL STRAIN 
-1 .0 -0.8 -0.6 -0.4 -0.2 +0.0 +0.2 +0.4 +O-R, +n Q 
PREDICTED AXIAL STRAI. N NODE SHAPE 





Z= DISTANCE FRON FREE 
END OF PILE 
L= LENGTH OF PILE 
+1 .0 
FORCED RESONANT AXIAL VIBRATION 
UNIFORM CONCRETE PILE (Cl) 
L=0.962 N DIAN, = 0.0499 N METRES 
FULLY EMBEDDED IN DRY SAND 
* N=l RESONANT FREQUENCY = 2068 HZ. 
* N=2 RESONANT FREQUENCY = 4168 HZ. 
* N=3 RESONANT FREQUENCY = 6276 HZ. 
Fig. 2,19 
-1 -0.8 -0.6 
NORNALIZED AXIAL STRAIN 
-0.4 -0.2 +0.0 +0.2 +0.4 +0.6 +O. R 
PREDICTED AXIAL STRAIN MODE SHAPE 





Z= DISTANCE FROM FREE 
END OF PILE 
L= LENGTH OF PILE 
+1 .0 
FORCED RESONANT AXIAL VIBRATION 
UNIFORM STEEL PILE (S2) 
L=0.997 M DIAM. = 0.0444 M 
FULLY EMBEDDED IN DRY SAND 
* N=l RESONANT FREQUENCY = 2589 HZ. 
* N=2 RESONANT FREQUENCY = 5181 HZ. 
* N=3 RESONANT FREQUENCY = 7737 HZ. 
Fig. 2.20 
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SOIL LAYER 4 
MODEL FOR DYNANIC ANALYSIS OF A PILE 
WITH A NECK/BULB DEFECT 
ASSUMPTIONS 
PILE VERTICAL, WITH LINEAR-ELASTIC MATERIAL PROPERTIES (DENSITY 
= pi DYNAMIC YOUNG'S MODULUS = E') AREA OF PILE = Ai) AREA 
OF DEFECT = A2. THE PILE IS REGARDED AS A COMPOSITE SYSTEM 
OF THREE SECTIONS AS SHOWN ABOVE. 
SOIL COMPOSED OF HORIZONTAL LAYERS. MATERIAL PROPERTIES ARE 
CONSTANT WITHIN INDIVIDUAL LAYERS BUT DIFFERENT IN 
EACH LAYER. FREQUENCY INDEPENDENT (HYSTERETIC) MATERIAL 












































































PILE SECTION 1 
(AlEsp) SOIL LAYER 1 
SPRING MODEL 
PILE SECTION 2 
(AsElp) 
VOID - INFINITESSIMAL LENGTH 
SOIL LAYER 2 L2 
SOIL LAYER 3 
MODEL FOR DYNAMIC ANALYSIS OF A PILE 
WITH A TRANSVERSE CRACK DEFECT 
ASSUMPTIONS 
PILE - VERTICALIWITH LINEAR-ELASTIC MATERIAL PROPERTIES (DENSITY 
= p, DYNAMIC YOUNG'S MODULUS = E; AREA OF PILE = A. THE 
PILE IS REGARDED AS A COMPOSITE SYSTEM OF TWO SECTIONS 
AS SHOWN ABOVE. 
SOIL - COMPOSED OF HORIZONTAL LAYERS. MATERIAL PROPERTIES ARE 
CONSTANT WITHIN INDIVIDUAL LAYERS BUT DIFFERENT IN 
EACH LAYER. FREQUENCY INDEPENDENT (HYSTERETIC) MATERIAL 
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DYNAMIC SOIL MODULUS (NNzN2) 
5 10 15 20 25 30 35 40 15 50 55 60 65 70 75 80 
PREDICTED VARIATION OF DYNAMIC 
SOIL MODULI WITH DEPTH 
( AFTER HARDIN AND RICHART (1963) ) 
THE ABOVE CURVES RELATE TO SMALL AMPLITUDE VIBRATION 
OF DRY SAND WITH THE FOLLOWING MATERIAL PROPERTIES 
DENSITY = 1G50 KG/N3 
VOIDS RATIO = 0.60 































0.03 o-nr, 12 
PREDICTED VARIATION WITH DEPTH OF DYNANIC 
VALUE OF POISSON'S RATIO FOR DRY SAND 
( AFTER HARDIN AND RICHART (19G3) ) 
THE ABOVE CURVES RELATE TO SMALL AMPLITUDE VIBRATION 
OF DRY SAND WITH'THE FOLLOWING MATERIAL PROPERTIES 
DENSITY = 1650 KGZr, 3 
VOIDS RATIO = O. GO 





DRILLED AND TAPPED 
TO 10/32 UNF 
4- 
N3 BOLT 
M12 BOLT DRILLED 
AND TAPPED TO 10/32 
UNF AT UPPER END 
CONCRETE PILE 
DRILLED AND TAPPED 
TO TAKE N3 STUD 
STEEL PILE 
NOTE :A FORCE TRANSDUCER WAS MOUNTED ( 10/32 UNF THREAD) AT THE 
CENTRE OF THE PILE HEAD; AN ACCELEROMETER WAS ATTACHED BY 
THE N3 THREAD. 
SKETCHES OF SECTIONS THROUGH MODEL PILES SHOWING 
ARRANGEMENTS FOR ATTACHMENT OF TRANSDUCERS 
Fig. 4.1 
C3B 1 Cl OB1 C11B1 
S2Nl S2N2 S2N3 
iL 
S8N 1 SSN 1 SlON1 
Cl 2B1 
S3N 1 
SlNl Sl N2 
S3N2 S7N 1 
SlON2 SlON3 SlON4 
PROFILES OF MODEL PILES 
WITH NECK/BULB DEFECTS 
SCALE 1 20 
FULL DETAILS OF THESE MODEL PILES ARE GIVEN IN TABLE 4.2 
P* 
lig. 4.2 
TO AIR PRESSURE GAUGE 
385 MM 
AIR INLET - 
280 MM i 
FI 
SLIT 
SKETCH OF AIR ACTIVATED SAND SPREADER 




















AIR FLOW RATE (LITRES/MIN) 
130 140 150 160 170 180 iso qnn gin 
CALIBRATION CURVE OF AIR FLOW TO HEIGHT 
OF FALL OF SAND FRON_S_AND SPREADER 
3 
TARGET DENSITY OF DRY SAND OF 1650 KG/M 
MEAN DENSITY OF SAND OBSERVED TO BE 1648 KG/M3 
220 
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NORMALIZED AXIAL STRAIN 
-1.0 -0.8 -0.6 -0.1 -0.2 +0.0 +0.2 +0.4 +O. S +0.8 +j 0 
0 
AXIAL STRAIN NODE SHAPE 
EXPERINENTAL ANALYSIS 
.1 
FREE-FREE BAR FORCED RESONANT AXIAL VIBRATION 
IN AIR UNIFORM CONCRETE PILE (Cl ) 
L=0.9 62 METRES DIAN. = 0.0497 METRES 
Z DISTANCE FROM FREE FREELY SUSPENDED IN AIR 
END OF PILE x N=l RESONANT FREQUENCY 2010.0 HZ. 
L LENGTH OF PILE 0 N=2 RESONANT FREQUENCY 4189.0 HZ. 
A N=3 RESONANT FREQUENCY 6307.0 HZ. 
Fig. 4.7 
NORMALIZED AXIAL STRAIN 
-1.0 -0.8 -O. G -0.1 -0.2 +0.0 +0.2 +0.4 
39 
+0.6 +0.8 +1 -n 
x 
0 
AXIAL STRAIN MODE SHAPE 
EXPERIMENTAL ANALYSIS 
FREE-FREE BAR FORCED RESONANT AXIAL VIBRATION 
IN AIR UNIFORM CONCRETE PILE (Cl ) 
L=0.962 METRES DIAN. = 0.014 METRES 
DISTANCE FROM FREE 100% EMBEDDED IN DRY SAND 
END OF PILE x N=l RESONANT FREQUGNCY 2063.0 HZ. 
LENGTH OF PILE 0 N=2 RESONANT FREQUENCY 4153.0 HZ. 




NORNALIZED AXIAL STRAIN 
-1.0 -0.8 -0.6 -0.4 -0.2 +0.0 +0.2 +0.4 
AXIAL STRAIN NODE SHAPE 
EXPERIMENTAL ANALYSIS 
+0.6 +0.8 +l 0 
FREE-FREE BAR FORCED RESONANT AXIAL VIBRATION 
IN AIR UNIFORM STEEL PILE (S2) 
L=0.9 97 METRES DIAM. = 0.0114 METRES 
Z DISTANCE FROM FREE FREELY SUSPENDED IN AIR 
END OF PILE X N=l RESONANT FREQUENCY 2581.0 HZ. 
L LENGTH OF PILE 0 N=2 RESONANT FREQUENCY 5159.0 HZ. 
* N=3 RESONANT FREQUENCY 7735.0 HZ. 
Fig.. 4.9 
NORMALIZED AXIAL STRAIN 
-1 .0 -0.8 -0.6 -0.1 -0.2 +0.0 +0.2 +0.1 +0.6 +0.8 +1 -n 




FREE-FREE BAR FORCED RESONANT AXIAL VIBRATION 
IN AIR UNIFORM STEEL PILE (S2) 
L=0.997 METRES DIAM. = O. Oili METRES 
Z DISTANCE FROM FREE 100% EMBEDDED IN DRY SAND 
END OF PILE x N=l RESONANT FREQUENCY = 2591.0 HZ. 
L LENGTH OF PILE 0 N=2 RESONANT FREQUENCY = 5180.0 HZ. 




NORMALIZED AXIAL STRAIN 
-1.0 -0.8 -0.6 -0.4 -0.2 +0.0 +0-2 +0.1 +0.6 +0.8 +1 0 
0 
x 
AXIAL STRAIN MODE SHAPE 
EXPERIMENTAL ANALYSIS 
FREE-FREE BAR FORCED RESONANT AXIAL VIBRATION 
IN AIR UNIFORM STEEL PILE (S2) 
_j L=0.997 METRES DIAM. = 0.04il METRES 
Z= DISTANCE FROM FREE 50% EMBEDDED IN DRY SAND 
END OF PILE x N=l RESONANT FREQUENCY = 2590.0 HZ. 
L= LENGTH OF PILE 0 N=2 RESONANT FREQUENCY = 5169.0 HZ. 

























STRAIN PHASE ANGLE (DEGREES) 
80 120 
--------- - 
160 200 240 280 320 360 
AXIAL STRAIN PHASE ANGLE 
EXPERIMENTAL ANALYSIS 
FORCED RESONANT AXIAL VIBRATION 
UNIFORM CONCRETE PILE (Cl) 
L=0.962 METRES DIAM. = 0.0497 METRES 
Z DISTANCE FROM FREE FREELY SUSPENDED IN AIR 
END OF PILE x N=l RESONANT FREQUENCY = 2040.0 HZ. 
L LENGTH OF PILE 0 N=2 RESONANT FREQUENCY = 1189.0 HZ. 


























STRAIN PHASE ANGLE (DEGREES) 
80 120 1GO 200 240 280 320 360 
AXIAL STRAIN PHA5E ANGLE, 
EXPERIMENTAL ANALYSIS 
FORCED RESONANT AXIAL VIBRATION 
UNIFORM CONCRETE PILE (Cl) 
L=O. S62 METRES DIAM. = 0.044 METRES 
Z DISTANCE FROM FREE 100% EMBEDDED IN DRY SAND 
END OF PILE x N=l RESONANT FREQUENCY 2063.0 HZ. 
L LENGTH OF P ILE 0 N=2 RESONANT FREQUENCY 4153.0 HZ. 


























STRAIN PHASE ANGLE (DEGREES) 
80 120 160 200 240 280 320 360 
AXIAL STRAIN PHASE ANGLE 
EXPERIMENTAL ANALYSIS 
FORCED RESONANT AXIAL VIBRATION 
UNIFORM STEEL PILE (S2) 
L=0.997 NETRES DIAN. = 0.0444 METRES 
Z= DISTANCE FROM FREE FREELY SUSPENDED IN AIR 
END OF PILE x N=l RESONANT FREQUENCY = 2581.0 HZ. 
L= LENGTH OF PILE o N=2 RESONANT FREQUENCY = 5159.0 HZ. 





























STRAIN PHASE ANGLE (DEGREES) 
80 120 160 200 240 280 320 360 
AXIAL STRAIN PHASE ANGLE, 
EXPERIMENTAL ANALYSIS 
Z= DISTANCE FROM FREE 
END OF PILE 
L= LENGTH OF PILE 
FORCED RESONANT AXIAL VIBRATION 
UNIFORM STEEL PILE (S2) 
L=0.997 METRES DIAN. = O. Oili METRES 
100% EMBEDDED IN DRY SAND 
* N=l RESONANT FREQUENCY = 2591.0 HZ. 
* N=2 RESONANT FREQUENCY = 5180.0 HZ. 































200 210 280 320 360 
FORCED RESONANT AXIAL VIBRATION 
UNIFORM STEEL PILE (S2) 
L=0.997 METRES DIAM. = 0.0141 METRES 
Z= DISTANCE FROM FREE 50% EMBEDDED IN DRY SAND 
END OF PILE x N=l RESONANT FREQUENCY = 2590.0 HZ. 
L= LENGTH OF PILE 0 N=2 RESONANT FREQUENCY = 5169.0 HZ. 
A N=3 RESONANT FREQUENCY = 7736.0 HZ. 
V*g, - ll . 4.16 
I 
AXIAL STRAIN PHASE ANGLE 
EXPERIMENTAL ANALYSIS 















DEVIATION FRON CORRESPONDING AXIAL 
RESONANT FREQUENCIES OF PILE IN AIR 
0.1 o. 2 0.3 0.4 nq in 
STEEL PILE (S2) : LENGTH = 0.997 M, DIAM. = 0.0444 M. 
EMBEDDED IN DRY SAND. THE CHANGES IN RESONANT 
FREQUENCIES ARE EXPRESSED AS PERCENTAGES OF THE 
CORRESPONDING RESONANT FREQUENCIES OF THE PILE 
IN AIR. 
0.7 
VARIATION IN NEASURED AXIAL RESONANT F[RIE-QUENCIES 
























STEEL PILE (S2) : LENGTH = 0.997 M, DIAM. = 0.0444 M. 
EMBEDDED IN DRY SAND. 
VARIATION IN MEASURED AMPLITUDES OF RECEPTANCE 
AT RESONANCE OF UNIFORM STEEL NODEL PILE 
WITH DEPTH OF EMBEDMENT 
Fig. 4.18 
ANPLITUDE OF RECEPTANCE x 10-'BN/N) 
5 10 15 -? n I)C: 



































0.4 0.1 0.2 
STEEL PILE (S2) : LENGTH = 0.997 M) DIAM. = 0.0444 M. 
EMBEDDED IN DRY SAND. 
VARIATION IN MEASURED SPECIFIC DANPING CAPACITIES 



















LL 0 G5 LU 
LL 0.70 
0.75 
Z w 0.80 
0.85 
0 
CY- LL 0.90 
LU u 
Z 0.95 
21 . 00 -: 0 
DEFECT LOCATION METHOD 1 
S8N 1 
EXPERIMENTAL DATA 
STEEL BAR IN AIR SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.787 M. DIAMETER 0.0444 M. 
YOUNG'S MODULUS = 207.0 GN/M2 DENSITY 7566.3 KGIM' 
RESONANCE AT : 3013.0 6395.0 10206.0 HZ. 
THE ABOVE CURVES WERE DETERMINED ASSUMING THAT THE LENGTH 
OF THE DEFECT 11.0 % OF THE LENGTH OF THE PILE 
DEFECT (NECK) CENTROID AT 0.503 M. FROM POINT OF EXCITATION 
L=0.088 M. DIAM. = 0.0318 M. AREA RATIO = 0.513 
Fig. 5,1(a) 
AREA OF DEFECT / AREA OF PILE 




















. 'KZ 0.60 
w 
u- 0.65 w 
cl 












AREA OF DEFECT 
0.11 0.8 
AREA OF PILE 
1.2 1.6 2.0 
DEFECT LOCATION METHOD 2 
S8N 1 
EXPERIMENTAL DATA 
STEEL BAR IN AIR SUBJECTLD TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.787 M. DIAMETER 0.0444 M. 
YOUNG-S MODULUS = 207.0 GN/M2 DENSITY 7586.3 KG/M3 
RESONANCE AT : 3013.0 6395.0 10206.0 HZ. I 
THE ABOVE CURVES WERE DETERMINED ASSUMING THAT THE LENGTH 
OF THE DEFECT 11.0 % OF THE LENGTH OF THE PILE 
DEFECT (NECK) CENTROID AT 0.503 M. FROM POINT OF EXCITATION 
L=0.088 N. DIAN. = 0.0318 M. AREA RATIO = 0.513 
















w o., io 






















F .1 0 
DEF. ', --CT LOCATION METHOD 1 
SlN2 
EXPERIMENTAL DATA 
STEEL BAR IN AIR SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.873 N. DIAMETER = 0.0133 N. 
YOUNG'S MODULUS = 206.8 GN/M2 DENSITY = 7808.5 KG/M 3 
RESONANCE AT : 2516.0 4562.0 7384.0 HZ. 
THE ABOVE CURVES WERE DETERMINED ASSUMING THAT THE LENGTH 
OF THE DEFECT 5.0 % OF THE LENGTH OF THE PILE 
OEFECT (NECK) CENTROID AT 0.769 M. FROM POINT OF EXCITATION 
L=0.019 M. DIAM. = 0.0205 M. AREA RATIO = 0.221 
Fig. 5.2(a) 
AREA OF DEFECT / AREA OF PILE 
0.4 0.6 1.2 1.6 2.0 
0.0 0.00 
CL 0.05 










uj O. -io 
LL 
0 0., 15 
z 
" 0.50 0 0- 
o 0.55 
0.60 
LL 0 w65 
Cl 
LL 0.70 0 
W c 0,0.75 
z w 0.80 u 
0.85 
LL 0., 90 
w u z 0.95- 
1.00 
C3 
AREA OF DEFECT 
0.1 0.8 
AREA OF PILE 
1.2 1. S 2.0 
DEFECT LOCATION NETHOD 2 
Sl N2 
EXPERIMENTAL DATA 
STEEL BAR IN AIR SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.973 M. DIAMETER = 0.0133 M. 
YOUNG'S MODULUS = 206.8 ON/M2 DENSITY = 7808.5 KG/M3 
RESONANCE AT : 2516.0 1562.0 7381.0 HZ. 
THE ABOVE CURVES WERE DETERMINED ASSUMING THAT THE LENGTH 
OF THE DEFECT 5.0 % OF THE LENGTH OF THE PILE 
DEFECT <NECK) CENTROID AT 0.769 M. FROM POINT OF EXCITATION 
L=O. OiS M. DIAM. = 0.0205 M. AREA RATIO = 0.221 




































DEFECT LOCATION METHOD 1 
S2N 1 
EXPERIMENTAL DATA 
STEEL BAR IN AIR SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.997 M. DIAMETER = 0.0444 M. 
YOUNG'S MODULUS = 206.7 
GN/M2 DENSITY = 7821.8 KG/N3 
RESONANCE AT : 257i. 0 5167.0 7719.0 HZ. 
THE ABOVE CURVES WERE DETERMINED ASSUMING THAT THE LENGTH 
OF THE DEFECT 2.0 % OF THE LENGTH OF THE PILE 
DEFECT (NECK) CENTROID AT 0.538 M. FROM POINT OF EXCITATION 
L=0.008 M. DIAM. = 0.0407 M. AREA RATIO = 0.840 
Fig. 5.3(a) 
AREA OF DEFECT / AREA OF PILE 
O. -q 0.8 1.2 1.6 2.0 



























AREA OF DEFECT 
0.4 0.8 
AREA OF PILE 
1 .21.6 2.0 
DEFECT LOCATION METHOD 2 
S2Nl 
EXPERIMENTAL DATA 
STEEL BAR IN AIR SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.997 M. DIAMETER = 0.0144 M. 
YOUNG'S MODULUS = 206.7 GN/M2 DENSITY = 7824.8 KG/M3 
RESONANCE AT : 2574.0 5167.0 7719.0 HZ. 
THE ABOVE CURVES WERE DETERMINED ASSUMING THAT THE LENGTH 
OF THE DEFECT 2.0 % OF THE LENGTH OF THE PILE 
DEFECT (NECK) CENTROID AT 0.538 M. FROM POINT OF EXCITATION 



































w u 0.95 
1 . 00 
C2 C9B 1 
DEFECT LOCATION METHOD 1 
EXPERIMENTAL DATA 
CONCRETE BAR IN AIR SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.990 M. DIAMETER = 0.0444 M. 
YOUNG'S MODULUS = 36.6 G N/M2 DENSITY = 22,15.8 KG/M3 
RESONANCE AT : 1659.0 4190.0 5G72.0 HZ. 
THE ABOVE CURVES WERU DETERMINED ASSUMING THAT THE LENGTH 
OF THE DEFECT 8.0 % OF THE LENGTH OF THE PILE 
DEFECT (BULB) CENTROID AT 0.211 M. FROM POINT OF EXCITATION 
L=0.092 M. DIAN. = 0.1488 N. AREA RATIO = 11.232 
Fig. 5.4(,, -t) 
AREA OF DEFECT / AREA OF PILE 






































(f) 1.00 J 
AREA OF DEFECT 
4.0 8.0 
AREA OF PILE 
12.0 le-n 20.0 
DEFECT LOCATION METHOD 2 
c9Bl 
EXPERIMENTAL DATA 
CONCRETE BAR IN AIR SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.990 N. DIAMETER = 0.0444 M. 
YOUNG'S MODULU S= 36.6 GNIN 2 DENSITY = 2245.8 KG/M3 
RESONANCE AT : 1659.0 
. 
4190.0 5672.0 HZ. 
THE ABOVE CURVES WERE DETERMINED ASSUMING THAT THE LENGTH 
OF THE DEFECT 8.0 % OF THE LENGTH OF THE PILE 
DEFECT (BULB) CENTROID AT 0.211 M. FROM POINT OF EXCITATION 






































U) 1 . 00 &I C2 
DEFECT LOCATION METHOD 1 
SlON3 
EXPERIMENTAL DATA 
STEEL BAR IN AIR SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENSTH = 0.990 M. DIAMETER = 0.0414 M. 
YOUNG'S MODULUS = 198.4 GN/N2 DENSITY = 7825.6 KG/M3 
RESONANCE AT : 2218.0 4971.0 7533.0 HZ. 
THE ABOVE CURVES WERE DETERMINED ASSUMING THAT THE LENGTH 
OF THE DEFECT 10.0 % OF THE LENGTH OF THE PILE 
DEFECT (NECK) TWO NE-CKS ARE PRESENT 
SEE TABLE 1.2 FOR DETAILS 
Fig. 5.5(a) 
AREA OF DEFECT / AREA OF PILE 
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0.35 
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z 0.95 1 
1.00 
AREA OF DEFECT 
0.4 0.8 
AREA OF PILE 
1.2 1.6 2.0 
DEFECT LOCATION NETHOD 2 
SlON3 
EXPERIMENTAL DATA 
STEEL BAR IN AIR SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.990 M. DIAMETER = 0.0444 M. 
YOUNG'S MODULUS = 198.4 GN/M2 DENSITY = 7825.6 KG/M3 
RESONANCE AT : 2218.0 4971.0 7533.0 HZ. 
THE ABOVE CURVES WERE DETERMINED ASSUMING THAT THE LENGTH 
OF THE DEFECT 10.0 % OF THE LENGTH OF THE PILE 
DEFECT (NECK) TWO NECKS ARE PRESENT 
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DEFECT LOCATION NETHOD 1 
SM 
EXPERIMENTAL DATA 
STEEL PILE IN SAND SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.787 M. DIAMETER 0.0iii M. 
YOUNG'S MODULUS = 207.0 GN/M2 DENSITY 7586.3 KG/M3 
RESONANCE AT : 3055.0 6413.0 10213.0 HZ. 
THE ABOVE CURVES WERE DETERMINED ASSUMING THAT THE LENGTH 
OF THE DEFECT 11.0 % OF THE LENGTH OF THE PILE 
DEFECT (NECK) CENTROID AT 0.503 M. FROM POINT OF EXCITATION 
L=0.088 M. DIAM. = 0.0318 M. AREA RATIO = 0.513 
Fig. 5. C)(a) 
ý, REA OF DL. 1 i-Cl- / hllI[--I, OF PIIJ. - 
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AREA OF DEFECT / AREA OF PILE 
0.4 0.8 1.2 1.6 2.0 
DEFECT LOCATION METHOD 2 
SM1 
EXPERIMENTAL DATA 
STEEL PILE IN SAND SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.787 N. DIAMETER 0.0444 N. 
YOUNG'S MODULUS = 207.0 GN/M2 DENSITY 7586.3 KG/M3 
RESONANCE AT : 3055.0 6413.0 10213.0 HZ. 
THE ABOVE CURVES WERE DETERMINED ASSUMING THAT THE LENGTH 
OF THE DEFECT 11.0 % OF THE LENGTH OF THE PILE 
DEFECT (NECK) CENTROID AT 0.503 M. FROM POINT OF EXCITATION 
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DEFECT LOCATION METHOD 1 
SlNl 
EXPERIMENTAL DATA 
STEEL PILE IN SAND SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.973 M. DIAMETER = 0.0433 M. 
YOUNG'S MODULUS = 206.8 GN/M2 DENSITY = 7608.5 KG/M3 
RESONANCE AT : 2642.0 5010.0 7673.0 HZ. 
THE ABOVE CURVES WERE DETERMINED AS-13UMING THAT THE LENGTH 
OF THE DEFECT 5.0 % OF THE LENG-rH OF THE PILE 
DEFECT (NECK) CENTROID AT 0.770 M. FROM POINT OF EXCITATION 
L=0.047 M. DIAN. = 0.0302 N. AREA RATIO = 0.486 
I, I ig. 5,7(., ), ) 
AREA OF DEFECT / AREA OF PILE 
0.11 0.8 1.2 1.6 2.0 
w 0.00 
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AREA OF DEFECT 
0.4 0.8 
AREA OF PILE 
1.2 l-A 2.0 
DEFECT LOCATION NETHOD 2 
SlNl 
EXPERIMENTAL DATA 
STEEL PILE IN SAND SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.973 M. DIAMETER = 0.0433 M. 
YOUNG'S MODULUS = 206.8 GN/M2 DENSITY = 7808.5 KG/M3 
RESONANCE AT : 2642.0 5040.0 7673.0 HZ. 
THE ABOVE CURVES WERE DETERMINED ASSUMING THAT THE LENGTH 
OF THE DEFECT 5.0 % OF THE LENGTH OF THE PILE 
DEFECT (NECK) CENTROID AT 0.770 M. FROM POINT OF EXCITATION 





U- CD 0.10 
0.15 














LL W 0.65 
u- 0.70 «ý C) 
w 0.75 











DEFECT LOCATION METHOD 1 
SlN2 
EXPERIMENTAL DATA 
STEEL PILE IN SAND SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = O. S73 M. DIAMETER = 0.0133 M. 
YOUNG'S MODULUS = 206.8 GN/M2 DENSITY = 7808.5 KG/M* 
RESONANCE AT : 2513.0 1577.0 7389.0 HZ. 
THE ABOVE CURVES WERE DETERMINED ASSUMING THAT THE LENGTH 
OF THE DEFECT 7.0 % OF THE LENGTH OF THE PILE 
DEFECT (NECK) CENTROID AT 0.769 M. FROM POINT OF EXCITATION 
L=0.019 M. DIAM. = 0.0205 M. AREA RATIO = 0.224 
Fig. 5.8(a) 
AREA OF DEFECT / AREA OF PILE 



























































AREA OF DEFECT 
0.1 0.8 
AREA OF PILE 
1.2 i. s 2.0 
DEFECT LOCATION NETHOD 2 
Sl N2 
EXPERIMENTAL DATA 
STEEL PILE IN SAND SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH 
-= 
0.973 M. DIAMETER = 0.0433 M. 
YOUNG'S MODULUS = 206.8 GN/M2 DENSITY = 7808.5 KG/M3 
RESONANCE AT : 2515.0 4577.0 7389.0 HZ. 
THE ABOVE CURVES WERE DETERMINED ASSUMING THAT THE LENGTH 
OF THE DEFECT 7.0 % OF THE LENGTH OF THE PILE 
DEFECT (NECK) CENTROID AT 0.769 M. FROM POINT OF EXCITATION 
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1 . 00 
AREA OF DEFECT / AREA OF PILE 
4.0 8.0 12.0 16.0 20.0 
DEFECT LOCATION METHOD 1 
CllBl 
EXPERIMENTAL DATA 
CONCRETE PILE IN SAND SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.988 N. DIAMETER = 0.0111 N. 
YOUNG'S MODULUS = 3G. 6 GN/ M2 DENSITY = 2245.8 KG/N 3 
RESONANCE AT : 1672.0 424C. 0 G209.0 HZ. 
THE ABOVE CURVES WERE DETERMINED ASSUMING THAT THE LENGTH 
OF THE DEFECT 8.0 % OF THE LENGTH OF THE PILE 
DEFECT (BULB) CENTROID AT O. 7G7 M. FROM POINT OF EXCITATION 




















r: 0.85 0 
0ý 
IL 0., 90 
w u z 0.95 
1.00 
AREA OF DEFECT 
4.0 8.0 
AREA OF PILE 
12.0 16-0 20.0 
DEFECT LOCATION METHOD 2 
CllBl 
EXPERIMENTAL DATA 
CONCRETE PILE IN SAND SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.988 M. DIAMETER = 0.0444 M. 
YOUNG'S MODULUS = 36.6 GN/M2 DENSITY = 2245.8 KG/M3 
RESONANCE '%T : 1672.0 1240.0 6209.0 HZ. 
THE ABOVE CURVES WERE DETERMINED ASSUMING THAT THE LENGTH 
OF THE DEFECT 8.0 % OF THE LENGTH OF THE PILE 
DEFECT (BULB) CENTROID AT 0.767 M. FROM POINT OF EXCITATION 
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VALUE = 314.57 M) 
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CRACK LOCATION METHOD C4C2 
EXPERIMENTAL DATA 
CONCRETE BAR IN AIR SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.957 M. DIAMETER = 0.050 M. 
YOUNG'S MODULUS = 36.4. GN/M2 DENSITY = 2250.9 KG/M3 
RESONANCE AT : 2086.0 4147.0 6174.0 HZ. 
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EA/K (% OF MAXIMUM) (MAX. 
10 20 30 40 50 60 70 
sici 
CRACK LOCATION METHOD 
EXPERIMENTAL DATA 
STEEL PILE IN SAND SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.973 M. DIAMETER = 0.0433 M. 
YOUNG'S MODULUS = 206.8 ON/M2 DENSITY = 7808.5 KG/M3 
RESONANCE AT : 2642.0 5279.0 7921.0 HZ. 
DEFECT (CRACK) : LOCATED AT 0.781 M. FROM POINT OF EXCITATION 
VALUE = 1353.02 M) 
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EA/K (% OF MAXIMUN) 
10 20 30 40 50 
(MAX. 
60 70 
VALUE = 38-05 M) 
80 go 100 
CRACK LOCATION METHOD c3cl 
EXPERIMENTAL DATA 
CONCRETE PILE IN SAND SUBJECTED TO FORCED RESONANT AXIAL VIBRATION 
DIMENSIONS : LENGTH = 0.953 M. DIAMETER = 0.050 M. 
YOUNG'S MODULUS = 34.8 ON/M2 DENSITY = 2238.1 KG/M3 
RESONANCE AT : 1984.0 3905.0 6006.0 HZ. 



















FIGURE A1.1 BLOCK DIAGRAM OF SCINTILLATION 
DETECTION SYSTEM (AFTER PREISS AND NEWMAN 
(1964)) 
0 1000 






FIGURE A1.2 SKETCH SHOWING TYPICAL 
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FIGURE A1.3 GA-MMA RAY BACKSCATTER EQUIPMENT 





FIGURE A1.4 SCHEMATIC ARRANGEMENT FOR THE 
SONIC CORING TEST. OF THE TWO PIEZO-ELECTRIC 
PROBES LOWERED INTO THE TUBES CAST INTO THE PILE 
UNDER TESTr T IS THE TRANSMITTER AND R IS THE 
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FIGURE A1.5 TYPICAL EXAMPLE OF RELATIONSHIP 
BETWEEN PROPAGATION VELOCITY AND COMPRESSIVE 
STRENGTH OF CONCRETE (AFTER LEVY (1970)) 
0 
FIGURE A1.6 SKETCH SHOWING PRECISE LOCATION OF 
FAULTS BY PROBES AT DIFFERENT LEVELS 





Fluid filled drill hole or tube 
FIGURE A1.7 SCHEMATIC DIAGRAM OF SINGLE TUBE 
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FIGURE A1.8 DATA FOR WAVE VELOCITY 
DETERMINATION BY PHASE-DELAYED CONTINUOUS WAVES 
OF VARYING FREQUENCY. THIS DATA IS THAT GIVEN 











VI: tongitudinal vave velocity 
VR7 Surface wave velocity 
Density - 150 Ib/Ft3 
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FIGURE A1.9 THEORETICAL RELATIONSHIP OF 
LONGITUINAL WAVE VELOCITY AND SURFACE WAVE 
VELOCITY TO THE MODULUS OF ELASTICITY (AFTER 
LESLIE AND CHESSMAN (1950)) 
- 
I 







Conc . rate caisson 
FIGURE A1.10 SCHEMATIC DIAGRAM OF PILE TESTING 















FIGURE Al-11 ELECTRIC POTENTIAL IN GROUND 
(AFTER MEYER DE STADELHOFEN ET AL. (1976) 
Potential (a) naturally present in earth; 
(b) measured during current flow.; 
(c) produced by flow of current alone. 
















FIGURE A1.12 POTENTIAL DIFFERENCE BETWEEN 
ELECTRODES PRODUCED BY CURRENT FLOW ALONE: 
(A) WITH ONE ELECTRODE REMAINING AT BASE OF 
HOLE; (B) WITH BOTH ELECTRODES RAISED AT A 
FIXED DISTANCE APART (AFTER MEYER DE 
STADELHOFEN ET AL. (1976))__ 
_ 
Y= depth of moving electode within bore-hole 
H= length of pile; 
V= Potential produced by flow of current between pilE 
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FIGURE A1.13 TYPICAL FORCE -V- PENETRATION 
CURVES OBTAINED FROM CRP TESTS ON (A) FRICTION 
PILES (B) END-BEARING PILES (AFTER WHITAKER 
(10-063)) 
The point "A" indicates the ultimate load. 
. 
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FIGURE A1.14 SLOPE CRITERIA FOR DETERMINING 
"FAILURE" LOAD FROM LOAD -V- SETTLEMENT CURVES 


















FIGURE A1.15 ULTIMATE LOAD DETERMINATION BY 
CRP STATIC LOAD TEST (AFTER GOBLE AND LIKENS 
(1974))- 
. 125 . 250 '0375 . 500 . 625 











FIGURE A1.16 INTERPRETATION OF RESULTS OF 
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FIGURE A1.17 METHOD OF REPRESENTING PILE FOR 
PREDICTING THE ULTIMATE LOAD CAPACITY USING 
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FIGURE A1.18 BLOCK DIAGRAM OF DETECTING 







FIGURE A1.19 TYPICAL DYNAMIC RECORD USED FOR 
CASE METHOD COMPUTATIONS (AFTER GOBLE (1975) ) 
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(B) 
FIGURE Al-20 CORRELATION BETWEEN STATIC LOAD 
TEST AND (A) CASE TIME-DELAY METHOD PREDICTED 
CAPACITY; (B) CASE DAMPING METHOD PREDICTED 
CAPACITY FOR ALL PILE TYPES (AFTER GOBLE AND 
LIKENS (1974) 
sira pmp-mia" to r 
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FIGURE A1.21 BLOCK DIAGRAM OF VIBRATION 




FIGURE A1.22 VIBRATION RESPONSE FOR A 
CYLINDRICAL PILE (AFTER DAVIS AND DUNN (1974)) 
Fe = maximum vertical force applied to head of pile; 
M= upper limit of linear section of response curve; 
N= mean value of response curve in "steady state"; 
P= maximum * 
Q= minimum " 
Ve = maximum vertical velocity of the pile head; 
Af = interval in terms of frequency between two 
consecutative resonant frequencies. 
0 
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